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1.0 Introduction 

This report describes the groundwater flow and transport modeling conducted in support of the 
Los Alamos National Laboratory (LANL or the Laboratory) Material Disposal Area (MDA) T 
radiological dose assessment. The MDA T dose assessment uses models created with GoldSim™ 
(Golder, 2005a and 2005b, 2007a and 2007b), a system-level modeling tool that allows the 
integration of numerous process-level models and provides the tools needed to conduct 
probabilistic assessments of long-term releases. The groundwater transport model detailed in this 
report is one of several process models incorporated into the dose assessment model.  

The groundwater transport modeling effort builds on the knowledge gained through previous 
studies at both MDAs T and G and is augmented by the use of new data, modeling tools, and 
computer simulations. The approach combines geologic, hydrologic, and topographic data into a 
three-dimensional (3-D) site-scale model. Mathematical models are used to simulate the 
transport of radionuclides from the surface through a deep vadose (unsaturated) zone, into the 
saturated zone directly beneath MDA T.  

This report consists of four major sections, including this introductory section. Section 2 
provides an overview of previous investigations related to the development of the current site-
scale model. The methods and data used to develop the 3-D groundwater model and the 
techniques used to distill that model into a form suitable for use in the GoldSim models are 
discussed in Section 3. Section 4 presents the results of the model development effort and 
discusses some of the uncertainties involved. Three attachments that provide details about the 
components and data used in this groundwater pathway model are also included with this report. 

The approach documented in this report is similar to the approach conducted for the 2011 
update (Stauffer et al., 2013) of the MDA G groundwater pathway analysis (Stauffer et al., 
2005) conducted for the 2005 Performance Assessment/Composite Analysis (PA/CA) (French 
et al., 2008).
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2.0 Background 

Material Disposal Area (MDA) T is an inactive subsurface disposal facility. MDA T is a Hazard 
Category 2 Nuclear Environmental Site (NES) (LANL 2004) indicating that “the Hazard 
Analysis shows the potential for significant on-site consequences” (DOE-STD-1027-92, p.10). 
MDA T has a large, buried radioactive waste inventory of approximately 4,000 plutonium-239 
equivalent (PE) Curies (Ci) (PE-Ci) which includes 37,400 Ci of Pu-241 (LANL 2010a, Table 
E-1). The location, topography, general description, general stratigraphy of MDA T, and 
radiologic inventory are described briefly in Section 2.1. Section 2.2 summarizes some of the 
details of previous environmental investigations and Section 2.3 describes the conceptual model 
of vadose zone flow and transport for MDA T.  

2.1 Site Description 
As shown in Figure 1, MDA T is located on the northern edge of the Laboratory in Technical 
Area (TA) 21, approximately 11 km (7 mi) west of the Rio Grande. The site lies on Delta Prime 
(DP) Mesa, which is bounded to the north by DP Canyon and to the south by Los Alamos 
Canyon (Figure 2). The surface of MDA T slopes downward from south to north. The elevation 
at the downslope (north) boundary of MDA T is approximately 7,130 m (2,173 ft) above mean 
sea level (msl). The site is slightly larger than 2 acres and is vegetated with grasses, chamisa 
bushes, and two young ponderosa pines (LANL 2006a, p.3). A photo of TA-21, showing the 
location of MDA T (taken in 1995) is shown in Figure 3.  

Although MDA T consists of 25 solid waste management units (SWMUs) and areas of concern 
(AOCs) (LANL 2006a, p.3), the primary SWMUs of interest for this report include SWMU 21-
016(a) (absorption beds) and 21-016(c) (disposal shafts). SWMU 21-016(a) is comprised of four 
inactive absorption beds; the beds measured approximately 120 ft long x 20 ft wide x 6 ft deep. 
Untreated liquid wastes from uranium- and plutonium-processing laboratories and the filter 
building (Building 21-12) were discharged into the absorption beds. An estimated 18.3 million 
gallons of wastewater were discharged into the absorption beds. SWMU 21-016(c) consists of 
sixty-four 8-ft-diameter and 4-ft-to-6-ft-diameter asphalt-lined disposal shafts located between 
absorption beds 2 and 4. The shafts are 15 ft to 69 ft deep and were installed between 1968 and 
1974. The shafts received treated liquid wastes, some contaminated with americium-241, mixed 
with cement. Five of the shafts have bathyspheres that contain plutonium-239/240 and other 
mixed fission products. In addition, some shafts received unspecified volumes of wash water. 
Once the shafts were filled with the waste cement mixture, they were capped. A diagram of the 
MDA T absorption beds and disposal shafts are shown in Figure 4.  
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Figure 1  
Locations of Material Disposal Area T within the Laboratory 
(taken from LANL 2006a, Fig. 1.0-1). 
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Figure 2  
Map of TA-21 showing MDAs A, B, T, U, and V (adapted from LANL, 2011a, Figure 1). 
 

 
Figure 3  
Aerial Photograph of TA-21 Facing WNW (MDA T located within red oval). 

MDA A
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Figure 4  
Locations of absorption beds and shafts at MDA T (taken from LANL 2004, Figure B-6) 
 
Subsurface information about the basic stratigraphy beneath MDA T was obtained from borehole 
21-607955 (LANL 2009, Fig. 4.2-1), and is shown in cross section in Figure 5. Although the 
stratigraphy at TA-21 does vary from borehole to borehole, in general the stratigraphy is fairly 
uniform. Given that MDA T has a small footprint and is close to borehole 21-607955, the 
stratigraphy from only this borehole is summarized here. The nomenclature for the Bandelier 
Tuff units discussed in this report (Figure 5) follows the usage of Broxton and Reneau (1995), 
who provide a detailed description of this formation. The absorption beds and disposal shafts at 
MDA T have been excavated into unit 3 of the Tshirege Member (Qbt) of the Bandelier Tuff. 
The Qbt extends below the ground surface to 94.5 m (310 ft) deep in borehole 21-607955. 
Between units 1v and 1g of the Qbt lies a feature known as the vapor phase notch (VPN) where 
elevated water contents are observed in most boreholes that penetrate this feature. Although quite 
thin, the VPN may be an important hydrologic feature for inducing lateral flow.  

The Cerro Toledo interval (Qct) lies below the Tshirege Member and above the Otowi Member 
of the Bandelier Tuff and has a thickness of 12.2 m (40 ft) at borehole 21-607955. The Otowi 
Member lies below the Qct, which has a thickness of about 91 m (300 ft) at borehole 21-607955. 
The Guaje Pumice Bed lies at the base of the Otowi Member and has a thickness of about 10.4 m 
(34 ft) at borehole 21-607955. Beneath the Otowi Member lies the Puye Formation, a highly 
heterogeneous formation whose facies represents the deposits of the ancestral Rio Grande River 
that experienced periods of damming and diversions caused by eruptions of lavas (Broxton and 
Vaniman, 2005). At MDA T, the water table is at a depth of 386.8 m (1,269 ft) bgs as measured 
in regional groundwater monitoring well R-64 (LANL 2011a). Unlike the stratigraphy at Area G 
(LANL 2005), there is no known occurrence of the Cerros del Rio basalt beneath MDA T.  



     

6 
MDA T Groundwater Pathway 

 

Figure 5  
Generalized stratigraphy of bedrock units at MDA T 
(adapted from LANL 2009, Figure 4.2-1). 
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The mass of TRU inventory at MDA T is reported to be about 5159 g (LANL 2004, Table B-9). 
DOE (2000, Table 3) reports a decay-corrected (to 2000) TRU inventory of 3,780 Ci in MDA T 
shafts. The 2010 “Documented Safety Analysis for the Nuclear Environmental Sites at Los 
Alamos National Laboratory reports a PE inventory at MDA T of 4,000 PE-Ci which includes 
37,400 Ci of Pu-241 (LANL 2010a, Table E-1).  

2.2 Previous Investigations 
2.2.1 MDA T Investigations 
Details of the MDA T disposal history and environmental investigations can be found in the 
following LANL documents: 

• MDA T Investigation Work Plan (LANL 2004)
• MDA T Investigation Report (LANL 2006a)
• MDA T Investigation Report Phase II (LANL 2007)
• MDA T Investigation Report Phase III, Rev 1 (LANL 2009)
• MDA T Investigation Report Phase III, Rev 1, Replacement pages (LANL 2010b)

The MDA T Investigation Work Plan (LANL 2004) contains an Historical Investigation Report 
(included as an Appendix) that describes details of historical investigations. The MDA T 
Investigation Report (LANL 2006a) described details of the 2005-2006 field investigation. The 
primary purpose for the MDA T Phase II report (LANL 2007) was to report 2007 field activities 
that included borehole abandonment, installation and sampling of three permanent vapor-
monitoring wells, and collection of soil samples from 11 locations on the DP Canyon slope. The 
primary purpose for the MDA T Phase III, Rev 1 report (LANL 2009) was to report 2009 field 
activities that included:  

• Drilling and sampling of solid media in boreholes (BHs) 21-25262 and 21-607955 to
total depths (TDs) of ~695 ft below ground surface (bgs) and ~966 ft bgs, respectively;

• Installing a 9-port permanent vapor-monitoring system in BH 21-25262;
• Installing an 11-port permanent vapor-monitoring system in BH 21-607955;
• Monthly sampling of MDA T vapor-monitoring well 21-25262 for six rounds, June–

November 2009;
• Monthly sampling of MDA T vapor-monitoring well 21-607955 for one round in

December 2009; and
• Sampling of MDA T vapor-monitoring wells 21-603058, 21-603059, and 21-25264 for

an additional eight rounds (February–November 2009).

The primary purpose for the MDA T Phase III, Rev 1, Replacement pages (LANL 2010b) was to 
correct errors on pages 25-26 of LANL (2009) and report hydraulic properties from borehole 21-
607955 that were not yet available during publication of LANL (2009).  
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Periodic vapor monitoring data are reported quarterly. Table 1 is taken from LANL (2011b, 
Table 2.0-1) and lists all the vapor monitoring reports associated with MDA T. The groundwater 
and vadose-zone monitoring strategy for TA-21 is described in LANL (2010c), and in LANL 
(2011c). Regional groundwater monitoring well R-64 has been completed and was sited for 
monitoring groundwater directly downgradient from MDA T (Figure 2). Proposed monitoring 
well R-65 is also shown in Figure 2, but this well has not yet been drilled (as of September 
2011). Other nearby groundwater monitoring wells such as R-6 and R-7 are also shown in 
Figure 2.  
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Table 1 
History of MDA T Periodic Monitoring Events 
(taken from LANL 2011b, Table 2.0-1). 
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2.2.2 Area G Investigations 
The groundwater pathway modeling presented in this report builds upon the findings and 
information provided by a number of earlier investigations at Area G, a mesa-top site similar to 
MDA T. Stauffer et al. (2005, 2011) describe the groundwater pathway evaluations that were 
conducted for Area G. The 1997 performance assessment and composite analysis (Hollis et al., 
1997) includes geologic information (Vaniman et al., 1996) and hydrologic parameters for 
MDA G (Krier et al., 1996; Rogers and Gallaher, 1995).  

Previous groundwater transport investigations at MDA G (Birdsell et al., 1995, 1999, and 2000; 
Hollis et al., 1997; Soll, 1995) provide a wealth of insight into the local transport of 
radionuclides; these studies relied on the process-level, multidimensional, finite-element porous 
flow and transport simulator known as FEHM (Finite Element Heat and Mass) (Zyvoloski et al., 
1995a and 1995b) to model the movement of water-soluble radionuclides from the disposal pits 
and shafts at MDA G to a drinking water compliance point. Summaries of pertinent aspects of 
these studies, which guided the current effort for MDA T, are provided below. 

Birdsell et al. (1999) conducted investigations into specific flow processes that are relevant to the 
modeling approach adopted for this study. To determine the effect of transient pulses of moisture 
on radionuclide transport in the MDA G area, Birdsell et al. ran 1-D and 2-D models of liquid-
phase C-14 transport through the Bandelier Tuff. Four scenarios were evaluated. These scenarios 
had nearly identical long-term infiltration rates of 5.5 mm/yr (0.22 in./yr); however, infiltration 
rates for individual years varied greatly (from zero to over 100 mm/yr [3.9 in./yr]), and the four 
selected scenarios had different temporal distributions. Simulations were run for 5,000 years, and 
the results of the C-14 transport modeling were compared to a simulation using the long-term 
average infiltration rate. This study showed that a steady-state flow assumption is valid within 
the range of likely infiltration rates for MDA G and the surrounding area because the transient 
pulses were damped out as they propagated downward through the system.  

Other modeling examined the effect that fractures in the tuff may have on water flow by 
evaluating possible scenarios where significant fracture flow may occur (Birdsell et al., 1999; 
Soll and Birdsell, 1998). In this study, the effects of fracture coatings and fills, locations of 
fractures with respect to the waste, and interactions between fractures and the surrounding matrix 
were examined. High-infiltration rates were assigned to the top of the simulated fracture systems 
to ensure that “worst case” conditions were achieved. The results showed that limited fracture 
flow was activated only during extreme events such as surface ponding of water. The authors 
concluded that, in most cases, fractures in tuff at MDA G are not a major conduit for the 
movement of water from the surface to the water table. Because MDA T experienced large 
volumes of focused infiltration, the role of fractures is investigated in our analysis in this report.  
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Another parallel study conducted in 2011 concerns the variability of hydraulic properties of the 
rocks beneath MDA G. Results of this study show that at a fixed surface infiltration of 1 mm/yr, 
variability in hydraulic properties can lead to changes in predicted breakthrough times. The study 
uses 1000 random samples spanning the uncertainty in measured rock properties (van Genuchten 
α and n, porosity, permeability, and residual saturation) for the Qbt2, Qbt1v, Qbt1g, and Qbo 
units. The earliest breakthrough times are reduced by a factor of two with mean breakthrough 
time reduced by approximately the same factor. However, a significant portion of the 
breakthrough times are delayed, many to more than a factor of two times longer than the mean 
breakthrough time. Fortunately, the behavior of the system is such that the median breakthrough 
curve from 1000 realizations converges to the same breakthrough curve obtained using the mean 
hydrologic properties that are used for all simulations presented in this report. Interestingly, the 
mean breakthrough (time or curve?) of the 1000 realizations does not recreate the behavior of the 
mean property set, a fact that shows that analysis of the mean behavior of a set of realizations 
tends to smear the behavior of individual curves within the set.  

2.3 Conceptual Model 
2.3.1 Hydrology and Contaminant Transport at DP Mesa 
Under natural conditions, DP Mesa fits the “dry and disturbed mesa conceptual model” for the 
Pajarito Plateau as defined by Birdsell et al. (2005). It is a dry finger mesa; the hydrologic 
conditions on the surface and within such dry mesas generally lead to slow unsaturated flow and 
transport. Dry mesas shed precipitation as surface runoff to the surrounding canyons such that 
most deep infiltration occurs episodically following snowmelt, and even then much of the water 
is lost through evapotranspiration. As a result, annual net infiltration rates for dry mesas are less 
than 10 mm/yr and are more often estimated to be on the order of 1 mm/yr or less (Kwicklis et 
al. 2005). Because dry mesas are generally composed of nonwelded to moderately welded 
unsaturated tuffs with low water content, water flow is matrix-dominated rather than fracture-
dominated. Under natural or undisturbed conditions, travel times for contaminants migrating 
through dry mesas to the regional aquifer are expected to be several hundred to thousands of 
years (Nylander et al. 2003; Birdsell et al. 2005). However, beneath disturbed sites or those 
where liquid wastes were disposed of, travel times to groundwater may be shorter.  

MDA T was used for disposal of liquid waste. Enhanced moisture migration and decreased 
contaminant travel times to groundwater are expected beneath liquid waste disposal sites where 
infiltration beneath absorption beds increased the moisture content, decreased matric potential, 
and increased downward driving forces in the underlying tuffs. Field observations indicate 
moisture migration may have included components of both fracture and matrix flow during 
periods of liquid discharge (Nyhan et al. 1984; LANL 2004). With discharges discontinued, the 
adsorption beds and underlying tuff are no longer saturated, and moisture migration is expected 
to occur as matrix flow under present-day and future conditions (Soll and Birdsell 1998; Birdsell 
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et al. 2005). Also, infiltration rates at the ground surface are expected to have returned to near-
background levels. However, an extended period of greater than normal, downward water flow 
likely continues at depth under MDA T based upon elevated vadose zone moisture contents.  

A reported total of approximately 18 million gallons of wastewater containing plutonium was 
disposed of in the MDA T absorption beds between 1945 and 1967, 14 million gallons of which 
was disposed of between 1945 and 1952 (Rogers 1977). During disposal operation, water 
movement from the beds was probably primarily downward. Water from the absorption beds 
may have moved rapidly through vertical fractures (primarily in units Qbt 3 and Qbt 2) and 
paleochannel soils during near-saturated conditions. Water may also have moved laterally at 
hydrologic contacts (e.g., at the VPN between Qbt 1v/1g, in Cerro Toledo interval and Tsankawi 
Pumice Bed, and in Guaje pumice layer).  

Figure 6 
Locations of absorption beds and shafts at MDA T illustrating relative radionuclide 
inventory estimates 

The disposal shafts were installed between 1968 and 1974, 16 to 22 yr after 14 million gallons of 
the 18 million gallons of wastewater had been disposed of (LANL 2006a). Over 99% of the 
radiologic inventory disposed of at MDA T was disposed of in the shafts, while less than 1% was 
disposed of in the beds with wastewater. Wastes disposed of in the shafts were primarily 
radiological waste mixed with cement for stabilization. This process is thought to immobilize the 
radiological constituents through a mineralization reaction with the cement. Therefore, if the 
shaft waste was immobilized by the curing cement, the vast majority of the radiologic inventory 
of MDA T should not be affected by the movement of waste water because 1) it is bound in a 
cement-based waste and 2) the bulk of the waste water migrated well below the shaft depth 

Waste water disposed in beds: 1945-1952, and  1952-1967 (small amounts)
 Shafts drilled: 1968-1974 
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before the shafts were emplaced. Figure 6 shows the percentages of radiologic inventory between 
the absorption beds and the shafts at MDA T.  

There is no direct evidence of high residual moisture from wastewater disposed of in absorption 
beds being present in the shaft field during shaft installation, which began in 1968. In contrast, 
Purtymun et al. (1978) reported volumetric water contents (VWCs) of 7% to 10% in a borehole 
(TH-7) located 2 ft (to the north) from a shaft drilled in 1968, which correspond to gravimetric 
water contents (GWCs) of approximately 5% to 7%, consistent with the data shown in Figure 7. 
Purtymun et al. (1978) also reported that water contents in a separate borehole (TH-7A) drilled in 
1969 and located 2 ft (to the east) from the same shaft had VWCs of 4% to 8% (GWCs of 3% to 
5%), indicating apparent drying because of cement hydration. They concluded that disposing of 
wet cement wastes in the shafts at MDA T may not have increased the subsurface moisture 
content because the cement removed water from the surrounding formation as it cured. Also, 
these reported water contents are low and indicate that the area of boreholes TH-7 and TH-7A 
located 60 cm from an unidentified shaft were either unaffected by disposed wastewater in the 
absorption beds or else elevated water contents had decreased in the time since most of the 
approximately 18 million gallons had been disposed of in the absorption beds (Purtymun et al., 
1978). 

2.3.2 Vadose Zone Moisture Field Observations 
Vadose zone moisture data from the vicinity of MDA T have been compiled in the form of 
gravimetric water content versus depth (Figure 7). Figure 8 shows the top 400 ft of data shown in 
Figure 7. Core samples from nine boreholes at or near MDA T are included. Water content data 
from deep boreholes at MDAs A, U, and V are included, along with data from boreholes LADP-
3 and LADP-4 for comparison. These data are used to define the extent of moisture beneath 
MDA T. Information on these 13 boreholes is summarized in Table 2.  
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Table 2 
Summary of MDA T and Nearby Boreholes with Moisture Data 

Borehole ID Depth (ft) Location Conditions 
21-25262 680 S of bed #1 Potentially affected by MDA T wastewater 

21-25263 345 N of bed #3 Potentially affected by MDA T wastewater 

21-25264 345 N+E of bed #4 Potentially affected by MDA T wastewater 

21-60755 953 N of bed #4 Potentially affected by MDA T wastewater 

21-25372 279 N of bed #4 Potentially affected by MDA T wastewater 

21-25373 279 N+E of bed #4 Potentially affected by MDA T wastewater 

21-26589 140 E side of MDA T Unlikely to be affected by MDA T 

21-26588 360 MDA A Dry; no known liquid disposed 

21-24772 358 MDA U 135,000 gallons disposed 

21-24524 716 MDA V Wet; 40 million gallons disposed 

21-02523 (MDAVDH) 315 MDA V Wet; 40 million gallons disposed 

21-01682 (LADP-3) 342 LA Canyon Wet 

21-01683 (LADP-4) 800 DP Canyon Dry; especially in Otowi 
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Figure 7 
Water-content data from boreholes at and near MDA T 
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Figure 8  
Water-content data from boreholes at and near MDA T (top 400 ft only) 
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The MDA A borehole is included because it was drilled in a dry site that was unaffected by 
liquid disposal activities and should represent near-ambient conditions. Unfortunately, this 
borehole is only 360 ft deep and does not penetrate into the Otowi Member. The MDA U 
borehole is included because it was drilled in the center of MDA U, which consists of two 
absorption beds where approximately 135,000 gallons of wastewater was disposed of between 
1945 and 1968 (LANL 2006b), so these data should represent conditions that are not dry, 
ambient conditions. Like MDA U, the MDA V boreholes are included because they were drilled 
in the center of MDA V, which consists of three absorption beds where approximately 40 million 
gallons of wastewater was disposed of between 1945 and 1961 (LANL 2006c); these data should 
represent wet conditions, perhaps throughout the Otowi Member. The water contents in borehole 
LADP-3 represent wet conditions in Los Alamos Canyon where the canyon floor is subjected to 
large runoff and infiltration events, and the canyon has a shallow alluvial aquifer. The water 
contents in borehole LADP-4 represent drier conditions beneath DP Canyon compared with Los 
Alamos Canyon. Although borehole LADP-4 is located at the bottom of a canyon, DP Canyon is 
a small canyon that experiences smaller runoff events than occur in Los Alamos Canyon. 
Figure 9 shows the locations of the seven boreholes at MDA T plus borehole LADP-4 in DP 
Canyon.  

Figures 7 and 8 show water content profiles from all 13 boreholes, with the profiles from 
boreholes LADP-3 and LADP-4 repositioned to align stratigraphic contacts to the approximate 
equivalent depths of the MDA T borehole data (since they are located within canyons below the 
ground surface [bgs] elevation of MDA T). The water content data are fairly consistent in the top 
350 ft of the profile. The profile from MDA A appears to have lower water contents, but the data 
density from this borehole is lower than for the other boreholes for a direct comparison. The 
water contents in the Otowi Member (between about 350 and 625 ft deep) from boreholes 21-
25262 and 21-607955 (both drilled near MDA T) are similar to the water contents from the 
MDA V borehole where 40 million gallons of wastewater was disposed of. In addition, these two 
MDA T boreholes have similar water contents to those measured in the Otowi Member in 
borehole LADP-3 located in wet Los Alamos Canyon. The water contents from borehole 
LADP-4 in dry DP Canyon are considerably lower than for all other borehole data from the 
Otowi Member. These data suggest that throughout the Otowi Member under MDA T, 
conditions are wetter than ambient dry mesa conditions. Since the water contents do not decline 
in borehole 21-607955 until a depth of between 800 and 875 ft, it is possible that the GWCs are 
elevated to this depth as a result of previous wastewater disposal in the MDA T absorption beds. 
Comparison to the GWCs in the Otowi Member from TA-49 (Stimac et al. 2002) and TA- 54 
(Krier et al. 1997) also suggests the water contents observed in the Otowi Member beneath MDA 
T are elevated relative to these other two TAs. 
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Figure 9 
Locations of boreholes with water-content data at MDA T and in DP Canyon 

Historical water content profiles from 1978 are shown in Figure 10. These profiles depict the 
water content conditions beneath beds #1 and #2 approximately 11 years after the end of 
wastewater disposal at MDA T. There are data from two boreholes for each absorption bed. The 
maximum values of about 30 percent (gravimetric) water content shown at depths of 7, 10, and 
24 m under bed #1 are probably close to saturation based on porosity data for the Qbt3 unit.  
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Figure 10  
Depth profiles of gravimetric water content under bed #1 (left)  
and bed #2 (right) from 1978 (taken from LANL 2004, Figure B-24) 
 
2.3.3 Nature and Extent of Contamination 
The nature and extent of contamination at MDA T are described in detail in the MDA T reports 
described above. To summarize some of the findings in those reports, the radionuclides 
plutonium and americium were detected to depths of 342 and 109.5 ft bgs, respectively, and 
tritium was detected to 425 ft bgs. Depth profiles of plutonium activities are shown in Figure 11. 
Depth profiles of americium and tritium activities from core samples are shown in Figure 12. 
Activities in Figures 11 and 12 are plotted in log scale because they drop off several orders of 
magnitude with depth. Depth profiles of tritium activities measured in vapor samples are shown 
in Figure 13, where elevated tritium is observed at a depth of 475 ft in monitoring well 21-
25262. Strontium-90 was detected at an activity of 0.348 pCi/g at a depth interval of 800 to 802 
ft bgs in borehole 21-607955. However, this detection is considered to be anomalous because 
strontium-90 was not detected between depths of 179 ft and 800 ft bgs.  

Perchlorate, nitrate and fluoride were detected in core samples at depths of 695, 680, and 766 ft 
bgs, respectively (Figs 14). Metals have not migrated as deep as other hazardous constituents 
(LANL 2006a). No samples were collected beneath the shafts during the investigations at 
MDA T, so it is not known if radionuclides have migrated from the shafts. 
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Figure 11  
Depth profiles of Pu-238 (top) and Pu-239 (bottom) detections above background values in 
MDA T boreholes.  
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Figure 12 
Depth profiles of tritium (left) and Am-241 (right) detections above background values in 
MDA T boreholes.  
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Figure 13  
Depth profiles of tritium concentrations from vapor monitoring wells  
21-25262 and 21-607955 (taken from LANL 2011b, Fig. 5.2-2) 
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Figure 14 
Depth profiles of selected chemical concentrations from core from 
boreholes 21-25262 (left) and 21-607955 (right) 

Maximum concentrations of total VOCs measured in vapor samples appear to have reached 
depths of about 575 ft bgs (Figure 15). Depth profiles of trichlorethene (TCE) are shown in 
Figure 16, where elevated concentrations occur to a maximum depth of 654 ft bgs in vapor 
monitoring well 21-607955.  

Historical plutonium data are also included to provide a snapshot of plutonium distributions with 
depth during and after wastewater disposal in the four absorption beds. Depth profiles of 
plutonium and americium measured in 1978 are shown in Figure 17 and depth profiles of 
plutonium measured in 1953, 1960, and 1978 are shown in Figure 18.  
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Figure 15  
Depth profiles of total VOC concentrations in 2009 from four MDA T  
vapor monitoring wells (taken from LANL 2009, Fig. 6.3-1) 
 

 

Figure 16  
Depth profiles of TCE concentrations in vapor from boreholes 21-25262 and 21-607955  
(taken from LANL 2011b, Fig. 5.1-5) 
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Figure 17 
Depth profiles of 1978 concentrations of plutonium (top) and americium (bottom) 
measured in core under bed #1 (left) and bed #2 (right) (taken from LANL 2004, Figs. B-22 
and B-23) 
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Figure 18 
Depth profiles of concentrations of plutonium measured in core under bed #1 in 1953, 1960, 
and 1978 (taken from LANL 2004, Fig. B-25) 
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3.0 Methods 

The MDA T groundwater pathway modeling effort included the development of two 3-D models 
capable of simulating the transport of water-soluble radionuclides released from the absorption 
beds and disposal shafts at MDA T and will ultimately include the abstraction of this complex 
model to a 1-D form suitable for implementation within GoldSim. As was the case for the 2011 
groundwater pathway update for Area G (Stauffer et al., 2013) and the 2005 groundwater 
pathway model (Stauffer et al., 2005), the 3-D modeling was conducted using FEHM (Zyvoloski 
et al., 1995a, 1995b, and Zyvoloski, 2007). Stochastic modeling of groundwater transport can, 
potentially, require thousands of simulations. Given the computationally-intensive nature of 
FEHM simulations, 1-D abstractions of the 3-D model will be developed from the results of this 
study for use in the probabilistic analyses (see Section 3.2). The GoldSim model controls these 
1-D model abstractions, allowing the bulk transport properties of the subsurface for all 
radionuclides undergoing groundwater transport to be modified as desired. 

The 3-D modeling requires a numerical mesh that represents the topography and geology of 
MDA T and the surrounding area. Section 3.1 describes how the mesh was developed and the 
3-D model configured to enable more realistic simulations of flow and transport.  

3.1 Three-Dimensional Model Development 
Two 3-D computational meshes were developed for flow and transport simulations from MDA 
T. The first mesh encompasses the entire area of TA-21 and has relatively large mesh cells 
(especially at depth); this is referred to as the mesa-scale (Mesa) mesh.  The second 3-D mesh, 
which encompasses an area surrounding MDA T, is referred to as the local-scale (Beds) mesh. 
The local-scale mesh was developed after it became apparent that the course mesh resolution at 
depth in the mesa-scale mesh adversely affected water flow simulations.  

The geometry of the GFM09 is defined with a 3-D geocellular model of the Pajarito study area 
and encompassing DP mesa, DP canyon, and Los Alamos Canyon. The framework stratigraphy 
is formed through a process that creates a 3D model from disparate input data. The process 
simplifies the available data near the model area and extrapolates from widely spaced data in 
other areas of the model domain. The Weston Solutions Inc. 2009 GFM (WC09) used for these 
studies is updated with information not previously available and includes 2009 updates that 
incorporate the geologic information contained in 330 wells and 25 cross sections that are 
available for the Pajarito Plateau and described in Cole et al. (2009). The WC09 series of the 
GFM is constructed using Earthvision by Dynamics Graphics Inc. The WC09 is evolving as new 
data are acquired and geologists view and evaluate the resulting GFM. The version used for this 
model is the December 2009 WC09 model and includes a paleochannel subset that gives special 
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attention to the paleochannel and overburden around the MDA T site. The area used for the 
MDA T model is shown in Figure 19 (red box). Details on the development of the WC09 are 
included in this report as Attachment I.  

Figure 19 
MDA T Model Domain within the WC09 GFM 

Section 3.1.1 discusses the development of the two 3-D model meshes, Section 3.1.2 explains 
how the model was configured to simulate site conditions, and Section 3.1.3 presents the 
hydrogeologic input data used to populate the model. Descriptions of the simulations that were 
conducted in support of the groundwater modeling effort are presented in Section 3.1.4.  

3.1.1 Development 
The two 3-D meshes used to conduct the groundwater modeling are designed to meet several 
conditions.  The first mesh built was a mesa-scale mesh (Figures 21 and 22a), and the second is a 
high-resolution, local-scale mesh around MDA T that maintains 1-m vertical spacing to the 
regional aquifer (Figure 22b). 
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• The mesa-scale mesh created includes the entire TA-21 footprint and was developed
to allow long-term modeling such as contaminant migration to the regional aquifer
from all waste sites at TA-21.

• Both meshes includes high resolution regions adequate to accurately locate features
such as absorption beds

• Both meshes incorporates a recent 3-D GFM (WC09) to define the hydrogeologic
layers

• The high resolution local-scale mesh captures hydrogeologic layer resolution on the
meter scale to provide accurate solutions of unsaturated flow and streamline-particle-
tracking

The ground surface for both meshes is based on the DEM shown in Figure 20. Figure 21 shows 
the extent of the mesa-scale mesh. Figure 22 shows the high-resolution, local-scale mesh 
embedded in the mesa-scale mesh to show how the high resolution mesh more accurately 
captures the stratigraphy in the deeper parts of the mesa. This resolution is vital for the 
simulations of transport because the larger mesh blocks in the mesa-scale model create numerical 
diffusion of the wetting front leading to less vertical penetration than seen in the high resolution 
local-scale mesh.  More details on the two meshes can be found in Attachment II. 
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Figure 20 
Digital Elevation Model and drillhole locations used for the MDA T GFM 
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Figure 21 
Mesa-scale mesh of TA-21 

Figure 22a 
Slice of the mesa-scale mesh with one half of the high-resolution, local-scale mesh centered 
on MDA T. Adsorption beds are plotted in bright pink on the surface. The local-scale mesh 
extrudes behind the slice.  The bottom of the local-scale mesh extends to 7 m below the 
regional aquifer. 
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Figure 22b 
High-resolution, local-scale mesh. Bed one is green, two red, three purple and four yellow. 
Mesh spacing is 1 m (3.28 ft) in the z direction from the surface to 7 m below the water 
table. 
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3.1.2 Model Configuration and Boundary Conditions 
The 3-D mesa-scale model was used for initial calculations that advanced the understanding of 
this unique system.  However, as more was learned about the behavior of the wetting front, it 
was determined that a higher vertical resolution mesh was needed to accurately capture the 
propagation of the wetting front to depth. Thus, the high resolution local-scale 3-D mesh is used 
to trace the travel times of particles released from MDA T and to generate conservative 
breakthrough curves, otherwise known as residence time distribution functions (RTDs). Because 
the RTDs vary with release location and infiltration rate, the complexity of the model is reduced 
by adopting a number of assumptions and boundary conditions that constrain the groundwater 
transport model and simplify the modeling task.  

3.1.2.1 Particle Release Locations 
Particle release locations were defined based on the distribution of water and subsurface 
contaminants found beneath MDA T. Seven regions located beneath the absorption beds were 
defined as release locations. Each region has a vertical thickness of 35 m (115 ft) and each region 
is stacked to encompass a total depth from ground surface to 245 m (804 ft) bgs. Within each 
region, particle release points are located at the areas having the highest simulated saturations 
(Figure 23). One additional region is located in the middle of the shaft field at a depth of 19 m 
(62.3 ft) bgs, located in map view on Figure 22b at the intersection of A-A’ with B-B’. This 
scheme implies that contaminants released during the GoldSim step of the modeling will 
collapse all mass between two release locations onto the lower location, thus ensuring that the 
simulations do not under-predict travel times for contaminants to the regional aquifer based on 
the conceptualized mass distribution. This is a necessary step to reduce the complexity of the 3-D 
model for use in the 1-D abstractions needed in GoldSim.   

Particle breakthrough was specified relative to the water table which was defined as a horizontal 
plane located 392 m (1286 ft) beneath the ground surface of bed 1 at MDA T. Table 3 provides 
the model coordinates of the particle release locations for each of the eight regions. Although 
MDA G analysis included a compliance boundary 100 m from the site boundary, travel times in 
the regional aquifer are short compared to transport in the unsaturated zone, and the water table 
breakthrough will be nearly identical. 
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Table 3 
Particle Release Locations at MDA T 

Particle Set
Infiltration Rate 

(mm/yr)
Easting 

(m)
Northing 

(m)
Depth
(m, ft)

10 497661 540870
5 497661 540870
1 497661 540870

0.1 497654 540868
10 497645 540881
5 497643 540883
1 497656 540884

0.1 497649 540873
10 497657 540877
5 497657 540871
1 497650 540872

0.1 497650 540867
10 497655 540869
5 497651 540867
1 497650 540867

0.1 497646 540869
10 497654 540865
5 497653 540867
1 497647 540868

0.1 497647 540868
10 497644 540849
5 497650 540854
1 497650 540854

0.1 497650 540854
10
5
1

0.1
10
5
1

0.1

Shafts

35, 115

70, 230

Absorption Beds 
Depth #1

Absorption Beds 
Depth #2

Absorption Beds 
Depth #3

Absorption Beds 
Depth #4

Absorption Beds 
Depth #5

Absorption Beds 
Depth #6

Absorption Beds 
Depth #7

105, 334

140, 459

175, 574

210, 689

245, 804

497657 540869

497638 540841

19, 62
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Figure 23 
Particle release location and saturation distribution for 1 mm/yr infiltration scenario at 
elevation 2106 m (230 ft bgs) 
Figure 24 shows the particle release locations for four infiltration scenarios (from left to right:10, 
5, 1 and 0.1 mm/yr) at seven elevation levels with intervals of 35 meters (from top to bottom: 
2141 m (115 ft bgs), 2106 m (230 ft bgs), 2071 m (344 ft bgs), 2036 m (457 ft bgs), 2001 m (574 
ft bgs), 1966 m (689 ft bgs) and 1931 m (804 ft bgs) above mean sea level). Note the release 
location for the 10 mm/yr infiltration scenario at an elevation of 1931 m was used for the 5, 1 
and 0.1 mm/yr infiltration scenarios because the saturations are too evenly distributed at that 
elevation to choose a location. This also applies for the 5 mm/yr infiltration scenario at an 
elevation of 1966 m that was used for the 1 and 0.1 mm/yr infiltration scenarios; the 1 mm/yr 
infiltration scenario at an elevation of 2001 m was used for the 0.1 mm/yr infiltration scenarios; 
and the 1 mm/yr infiltration scenario at an elevation of 2141 m was used for the 10 and 5 mm/yr 
infiltration scenarios.  
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Figure 24a 
Particle release locations and saturation distributions for various infiltration scenarios and 
elevations (from left to right: 10, 5, 1 and 0.1 mm/yr) and from top to bottom in 35 m depth 
intervals. Color bar for saturation is shown in Figure 23. 
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Figure 24b 
Particle release locations and saturation distributions for various infiltration scenarios and 
elevations (from left to right: 10, 5, 1 and 0.1 mm/yr) and from top to bottom in 35 m depth 
intervals. Color bar for saturation is shown in Figure 23. 

3.1.2.2 Infiltration 
Long-term infiltration on the mesa is one of the primary uncertainties in simulations of 
contaminant transport from MDA T to the water table. For this study, it was assumed that the 
hydrology at MDA T will return to conditions similar to an undisturbed mesa-top site, especially 
after final closure. To capture the uncertainty in transport travel times through the unsaturated 
zone, a probability distribution that spans a reasonable range of infiltration rates was used. This 
distribution was based on data compiled from almost 200 mesa-top infiltration estimates from 
various modeling, field experiment, and chloride mass balance studies to estimate rates of 
infiltration (Springer and Schofield, 2004). A statistical analysis shows that the infiltration data 
are trimodal, with modal values around 0, 15, and 60 mm/yr (0, 0.59, and 2.4 in./yr) (Springer 
and Schofield, 2004, Fig. 4). In their analysis, Springer and Schofield indicated that infiltration 
rates greater than 10 mm/yr (0.39 in./yr) were typically associated with disturbed sites.  

Infiltration rates adopted for the groundwater transport modeling are 10 mm/yr or less. Four long 
term infiltration rates were identified as bounding values for MDA T (0.1, 1, 5, and 10 mm/yr), 
and were used to create a series of 3-D RTD breakthrough curves for releases from the seven 
waste locations under the absorption beds depths, and one waste location under the disposal shaft 
region. This resulted in the creation of 32 unique breakthrough curves that can be sampled within 
GoldSim and used to generate the 1-D pipe pathways needed for calculating contaminant 
migration to the compliance boundary. In this approach, GoldSim samples the actual, continuous 



38
MDA T Groundwater Pathway 

infiltration rate distribution during model simulations and selects the breakthrough curve that 
most closely corresponds to this rate within the waste location under consideration. The 
discretization of the infiltration distribution in the manner described above provides a mechanism 
for considering the effects of variable infiltration rates on facility performance while maintaining 
model complexity at a reasonable level.  

Potential groundwater-pathway risks are expected to be small at low rates of infiltration. 
However, at infiltration rates of 5 and 10 mm/yr (0.079 to 0.39 in./yr), the possibility for particle 
breakthrough to the water table increases substantially.  

Each infiltration, or mass flow, value (kg/yr) was assigned to every surface node within the 
numerical model. This value represents the product of the desired infiltration rate (mm/yr), the 
surface area over which infiltration occurs (m2), and the density of water (1,000 kg/m3 
[62 lb/ft3]). For example, if a node has a surface area of 1.0 m2 (11 ft2) and the desired infiltration 
rate is 1.0 mm/yr (0.039 in./yr), the infiltration value would be 1.0 kg/yr) or 3.2 × 10-8 kg/s.  

3.1.2.3 Wastewater Application to Beds 
The time series of wastewater discharge to the four absorption beds was taken from Table B-3 of 
LANL (2004). This time series is shown in Figure 25. No information is available on the 
distribution of relative amounts of wastewater among the four beds. Based on the configuration 
of the pipelines, it is known that bed #1 received the most wastewater, following by bed #2, and 
then about equal amounts to beds #3 and #4. The split among the beds was estimated as follows: 
45%, 35%, 10%, and 10% for beds #1, #2, #3, and #4, respectively. The total volume of water 
disposed at MDA T and the distribution of that water between the beds is uncertain, but those 
uncertainties were not considered in the simulations. In addition to the documented amounts of 
wastewater disposed into the absorption beds, Christensen and Thomas (1962) describe 
infiltration tests that were conducted at bed #1 in the summers of 1960 and 1961. The additional 
water amount of about 900,000 gallons was included in the FEHM simulations, bringing the total 
water disposed in the absorption beds to 19.2 million gallons. The time series of water 
application to all absorption beds is shown in Figure 26.  



     

39 
MDA T Groundwater Pathway 

 
Figure 25  
MDA T wastewater disposal history (adapted from LANL, 2004, Table B-3) 
 

 
Figure 26  
MDA T wastewater disposal history and application to absorption beds in FEHM.  
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3.1.2.4 Boundary Conditions 
All lateral boundaries in the vadose zone were assumed to be no-flow boundaries, that is, no 
mass could enter or leave the system via these boundaries. Lateral gradients on these boundaries 
were not considered.  Although the water applied to the beds remains mostly well away from the 
lateral boundary, in some of the higher background infiltration cases, water does reach the 
boundary during the initial 65 yrs of simulation time. This leads to slightly less spreading than if 
the mesh had a larger lateral extent. Water reaching the lateral boundary will tend to cause 
slightly more downward migration than would be seen if the mesh were more laterally extensive, 
thus this boundary condition does not cause under-prediction of particle arrival times.  

3.1.3 Hydrogeologic Input Data 
The hydrogeologic properties used in the modeling are presented in Table 4 and described in 
detail in Attachment III. Properties were compiled from all available sources including core from 
recently-drilled boreholes. Permeabilities measured during soil vapor extraction tests at Area G 
and MDA L were used for fracture properties.  

 
Table 4  
Hydrogeologic Properties Used for the Three-Dimensional Model 

Geologic Unit 
Bulk Density 

(kg/m3) 

Permeability 
 (m2) 

Porosity  

van Genuchten Parameters 

Horiz. Vert. Satres  α (1/m) n 
Tshirege Qbt3 1.3E+03 2.0E–13 2.0E–13 5.1E–01 2.0E–02 6.4E–01 2.1E+00 

Tshirege Qbt2  1.6E+03 1.2E–13 1.2E–13 4.0E–01 1.7E–02 3.0E–01 2.2E+00 

Tshirege Qbt1v  1.3E+03 5.1E–13 5.1E–13 5.1E–01 4.0E–03 5.4E–01 1.7E+00 

Vapor Phase Notch 1.1E+03 3.0E–14 3.0E–14 5.9E–01 0.0E+00 7.0E–01 1.5E+00 

Tshirege Qbt1g 1.2E+03 6.8E–13 6.8E–13 5.6E–01 0.0E+00 6.3E–01 1.6E+00 

Tsankawi Pumice ND 2.2E–12 2.2E–12 5.9E–01 0.0E+00 4.3E–01 1.9E+00 

Cerro Toledo interval 1.2E+03 7.1E–13 7.1E–13 5.1E–01 0.0E+00 5.3E–01 1.4E+00 

Otowi 1.2E+03 9.8E–14 9.8E–14 5.3E–01 8.0E–03 3.0E–01 2.0E+00 

Guaje Pumice 8.4E+02 1.6E–13 1.6E–13 6.6E–01 0.0E+00 2.8E–01 2.5E+00 

Puye Formation 2.6E+03 8.7E–13 4.1E–14 0.21/0.40 1.2E–03 8.5E–01 2.3E+00 
Numbers are rounded to two significant digits 
NA = Not applicable  
ND = No data 
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The longitudinal dispersivity considered in the evaluation was selected on the basis of work 
conducted by Neuman (1990) and Gelhar et al. (1992) that shows longitudinal dispersivity 
increasing with the length of the flow path. Gelhar et al. found that the maximum expected 
longitudinal dispersivity is approximately one-tenth the total flow path length. Although the 
Gelhar et al. results pertained to saturated systems, they were applied to this study because there 
are no similar vadose-zone dispersion studies. The flow path length at MDA T is about 387 m 
(1269 ft) from the ground surface to the water table. A longitudinal dispersivity of 30 m was 
used throughout the model domain which is less than one tenth of the flow path length from 
ground surface to the water table. However, many particles were located beneath ground surface 
where the path length is less than 387 m. The large chosen dispersivity will lead to earlier 
breakthrough than a shorter dispersivity, thus this model parameter was chosen to ensure that we 
do not under-predict breakthrough with respect to dispersivity. Transverse dispersivity was not 
considered in this evaluation.  

 

3.1.4 Model Simulation Initial Steady State Set-up 
To generate a steady-state flow field, simulations were run at each of the four selected infiltration 
rates (0.1, 1, 5, and 10 mm/yr) with constant boundary conditions using the FEHM steady macro 
until there were no temporal changes in water content, pressure field, or bulk flow at any point in 
the model domain. Gravimetric water contents for steady-state flow fields calculated using mean 
values of bulk density data are shown in Figure 27.  

As seen in Figure 27, an increase in the rate of infiltration yields higher in-situ water content. As 
infiltration increases to 10 mm/yr (0.39 in./yr), there is more water accumulated as infiltration 
increases in the vapor phase notch and at other contacts. The behavior seen in these simulations 
spans the range of in-situ saturations reported in Birdsell et al. (1999), who also report that no 
single infiltration rate can reproduce moisture content data from individual boreholes. Birdsell et 
al. (1999) also suggest that mesa-top infiltration has changed over time, perhaps in response to 
climate and rainfall changes. This complexity has not been explored in the current model and 
would require many of the same modeling techniques developed for analysis of the transient 
effects caused by water in the beds.  The current work assumes steady state infiltration after 
1967, thus for the low infiltration cases, the model under-predicts saturations in the deeper parts 
of the Bandelier Tuff and Puye formation, while for the higher infiltration cases, the model over-
predicts the saturations in the upper portions of the Bandelier Tuff.   
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Figure 27  
Steady-state water content profiles at four infiltration rates 
 

0

200

400

600

800

1000

1200

1400
0 0.1 0.2 0.3 0.4 0.5 0.6

D
ep

th
 (f

t b
gs

)

Gravimetric Moisture Content

0.1 mm/yr background

1 mm/yr background

5 mm/yr background

10 mm/yr background

Water table

Qbog

Tp

Qbo

Qct

Qbt1g

Qbt1v

Qbt2

Qbt3

Vapor phase notch



     

43 
MDA T Groundwater Pathway 

3.1.4.1 Conservative Breakthrough Curves 
The 3-D site-scale model is used to trace the travel times of particles (PTRK) released from 
MDA T and to generate conservative breakthrough curves. Because particles starting from 
slightly different points may travel different paths through the numerical mesh, thousands of 
particles must be released at the same time to create an RTD (see Section 3.1.2 for a discussion 
of the selected release points). The RTD shows the probability that a given particle will arrive at 
the water table in a given amount of time. All simulations of contaminant transport are started 
from the flow field calculated for the year 2010.   

Because the Area G PA/CA used SPTR in FEHM to simulate particle breakthrough, some 
scoping calculations for transport simulations were conducted to compare the particle tracking 
codes PTRK and SPTR. Details of these scoping calculations are included in Attachment IV. 
These calculations were performed on a flow system using an equivalent continuum model as 
opposed to a single continuum model; however, these two models yield virtually the same 
results. Transport calculations were performed using both cell based (PTRK macro) and 
streamline (SPTR macro) particle tracking models. The other difference of note between the 
dispersion models used by the particle tracking schemes is that for PTRK, the dispersion is 
applied as a correction to the time a particle spends in each cell it travels through. For SPTR, the 
particle takes a random step in the direction of dispersion and can actually jump between cells 
along the flow path.  
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4.0 Results 

This section presents the results of the groundwater modeling efforts. Section 4.1 summarizes 
results from penetration of the water applied to the beds during 1945–1967, and Section 4.2 
describes the results of conservative particle breakthrough at the water table.  

4.1 Penetration of Bed Water: 1945 - 2010 
The 2010 flow field for each long term background infiltration case with particles was 
constructed in two steps.  First a steady state background flow field was created. Then the 65 
years from 1945–2010 were simulated during which time the water added to the beds was 
simulated.   

Using the steady-state flow fields (shown in Figure 27) as initial conditions, GWC profiles were 
calculated for 2010, after 19.2 million gallons of water was applied to the absorption beds 
beginning in 1945. These profiles are shown, with measured GWC data (from 2005-2009) in 
Figure 28a. The figure shows min, mean, and max GWC based on uncertainty in reported bulk 
density for the different geologic units. Results of this simulation demonstrate that the model 
reasonably matches observed GWC data. Observed GWC are generally higher than simulated 
results within the Otowi member and Puye formation. As noted by Birdsell et al. (1999), it is 
possible that there are higher background water contents within these units than calculated due to 
residual elevated water contents as a result of higher infiltration during the Pleistocene epoch 
prior to 10,000 years ago. There is some variability in the measured data for GWC at given 
depths as can be seen in Figures 28a and 28b. This variability is likely due to lateral 
heterogeneity within hydrogeologic layers, and perhaps influenced by infiltration from canyons.  

Uncertainty in porosity in the Puye formation also can explain some of the data. Based on 
Bussod et al. (2011), the model uses a porosity of 0.2 for the Puye formation; however the data 
from borehole 21-607955 show an average of 0.4 for porosity. Figure 28b shows that using 0.4 
for the Puye porosity raises the model estimates of GWC closer to the data within the Puye 
formation. This figure shows that the deep data (below 800 ft bgs) are consistent with a 
background infiltration of 5–10 mm/yr. This is another indication that the Pleistocene epoch 
prior to 10,000 years ago was likely wetter on the Pajarito Plateau because current dry mesa 
infiltration is likely 0.1–1 mm/yr. Similar moisture profiles impacted by climate change are seen 
at the Nevada Test Site (Kwicklis et al., 2006). The data above 800 ft bgs appear to be elevated; 
however, spot measurements in the Puye formation can be quite heterogeneous because this 
formation comprises several types of depositional layers that have very different hydrologic 
properties and related steady state moisture contents (Bussod et al., 2011).  
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Figure 28a  
Simulated gravimetric water content profiles in 2010 at four infiltration rates 
compared with measured GWC data from 2005-2009. 
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Figure 28b  
Simulated gravimetric water content profiles in 2010 at two infiltration rates 
compared with measured GWC data from 2005-2009, Puye porosity in this case is 0.4.. 
 
Figures 28c and 28d show the saturation on slices A-A’ and B-B’ at 65 years for the 10 mm/yr 
case.  Elevated saturations are apparent in the vapor phase notch (2100 m elevation), the Cerro 
Toledo (2060 m elevation), and the Guaje Pumice (1970 m elevation). These figures show the 
prevailing dip of the geologic units, and also show how water from the beds is just reaching the 
lateral boundaries of the model domain.   
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Figure 28c  
Simulated saturation distribution at 65 yrs for the 10 mm/yr case in the 3-D high resolution 
local-scale mesh.  The slice is along A-A’ of Figure 22b. 
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Figure 28d  
Simulated saturation distribution at 65 yrs for the 10 mm/yr case in the 3-D high resolution 
local-scale mesh.  The slice is along B-B’ of Figure 22b. 
 
4.1.1 Role of Fractures on Bed Infiltration 
Figures 28e and 28f show the saturation differences calculated for simulations using single-
continuum models (scm) for unfractured media and equivalent-continuum models (ecm) for 
fractured media at 65 years, for the 1 mm/yr background infiltration case. The blue denotes 
where the scm simulation is wetter, and the red shows where the ecm simulation is wetter. These 
figures show that although there are differences in the two approaches, the scm leads to greater 
depth of penetration and less lateral spreading in the vapor phase notch. For this reason, the 
particle breakthrough described in the next section use only a scm formulation. These results are 
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in agreement with Robinson et al. (2005) who found that an scm was sufficient to replicate the 
data from a 1.27 x 106 kg (336,000 gallon) infiltration test. This study cites the ability of high 
matrix permeability to quickly pull water from fractures as a primary mechanism for the limited 
role of fracture flow in the Bandelier Tuff. Use of the scm ensures that the fracture/matrix 
conceptual model does not lead to under-prediction of the penetration of the wetting front under 
MDA T.  
 

 

Figure 28e  
Difference in saturation between the unfractured (scm) and fractured (ecm) simulations for 
the 10 mm/yr case at 65 years.  The slice is along A-A’ from Figure 22b. 
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Figure 28f  
Difference in saturation between the unfractured (scm) and fractured (ecm) simulations for 
the 10 mm/yr case at 65 years.  The slice is along B-B’ from Figure 22b.  
 
4.1.2 Numerical diffusion of the wetting front: Mesa-Scale Versus Local-Scale Meshes 
Figure 28g shows results in the year 2010 comparing wetting front penetration in the high 
resolution local-scale and mesa-scale meshes. The saturation profiles are taken near the center of 
bed #1, and both simulations were run for the 10 mm/yr case with identical material properties. 
The figure shows that the wetting front does not penetrate as deeply when using the mesa-scale 
mesh. This is likely due to numerical diffusion of the wetting front into the large mesh blocks at 
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depth. This figure demonstrates that by using a high resolution local-scale mesh, the penetration 
of the wetting front at MDA T is not under-predicted due to mesh block size effects.  

 

 

Figure 28g  
Saturation front penetration depth for both the high resolution local-scale mesh and the 
mesa-scale mesh. 
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4.2 Particle Breakthrough at the Water Table  
Conservative RTDs of particle breakthrough at the water table were generated for each particle 
release depth by releasing over 10,000 particles instantaneously from cells located at 8 distinct 
depths (Table 3). Particles were released in the year 2010 in the saturation fields shown in 
Figures 24a and 24b. Simulations were run to a maximum time of 100,000 years. The Goldsim 
simulations will release part of the MDA T inventory according to the environmental distribution 
of contaminants measured at the site (Figures 11 through 16). These figures show that the 
majority of the mass for the RCRA constituents is located within the upper 500 ft, and for the 
radiological constituents, it is in the upper 100 ft. Only a few detections of potential 
contaminants are present near the leading edge of the wetting front that is simulated with the 
bottom three release locations; the Goldsim model will release only a very small inventory from 
those locations. In addition, the shaft waste accounts for >99% of the MDA T radiological 
inventory (Figure 6), so the RTDs for that portion of the inventory is represented by the 62 ft bgs 
curves shown in the following figures. 

Figure 29 shows that for the 10 mm/yr background flow field, breakthrough at the water table 
ranges from 250 yrs for the deepest release location to more than 2000 yrs for particles released 
at the bottom of the shafts. 
 

 
Figure 29  
Particle breakthrough for the 10 mm/yr background flow field. 
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Figure 30 shows that for the 5 mm/yr background flow field, breakthrough at the water table 
ranges from 470 yrs for the deepest release location to more than 3500 yrs for particles released 
at the bottom of the shafts. Figure 31 shows that for the 1 mm/yr background flow field, 
breakthrough at the water table ranges from 1800 yrs for the deepest release location to more 
than 10,000 yrs for particles released at the bottom of the shafts. Because the flow rate is very 
low, some particles become stranded in parts of the mesh that have near-zero velocity, and 
Figure 32 shows that for this case, only 80% of the total initial particles arrive at the water table 
for shallower release locations. Finally, Figure 33 shows that for the 0.1 mm/yr background flow 
field, breakthrough at the water table ranges from 10,000 yrs for the deepest release location to 
more than 80,000 yrs for particles released at the bottom of the shafts.  Figure 34 shows the 
fraction of particles reaching the water table for this minimum infiltration case. 

 

 

Figure 30  
Particle breakthrough for the 5 mm/yr background flow field. 
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Figure 31  
Particle breakthrough for the 1 mm/yr background flow field. Curves are normalized to 
10,000 particles due to particle attrition in the low flow background area.  
 

 
Figure 32  
Number of particles reaching the water table for the 1 mm/yr background flow field. 
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Figure 33  
Particle breakthrough for the 0.1 mm/yr background flow field. Curves are normalized to 
10,000 particles due to particle attrition in the low flow background area. 

 
Figure 34  
Number of particles reaching the water table for the 0.1 mm/yr background flow field. 
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5.0 Discussion 

The fact that early particle breakthrough requires significant initial depth means that the bulk of 
the radiological waste at MDA T is in a good location with respect to ground water protection.  
The results also show that to reduce the likelihood of transport to the regional aquifer from the 
shallow waste source regions, infiltration at this site should be controlled and limited to low 
values.  The present-day detections of VOCs and other conservative species to depths of 600-800 
ft bgs is consistent with the simulated wetting front depth seen in some of the model realizations.  

Numerical diffusion of the wetting front in the mesa-scale mesh led to under-prediction of 
penetration depth. This was remedied by the creation of a high resolution local-scale mesh with 1 
m (3.28 ft) spacing from the surface to the water table (Figure 22a). Water penetration in the 
high resolution mesh reaches the upper 100 ft of the Puye formation in the year 2010, consistent 
with data in well 21-607955, where the upper Puye formation to 800 ft bgs appears to be wetter 
than at LADP-4 (Figure 7); however true background moisture at these depths in the Puye 
formation is poorly constrained. Because of the uncertainty and heterogeneity in the Puye 
formation, it is possible to conceive of a low-porosity, high-permeability pathway that would 
cause simulated initial (leading-edge) breakthrough to the water table faster than modeled. An 
initial estimate of the probability of this result could be tested using simulations based on the 
Bussod et al. (2011) geostatistical analysis of the Puye formation. 

Another useful feature of the high resolution mesh is that it also allows the capture of geologic 
features such as the vapor phase notch that can lead to increased spreading and lateral diversion 
along local bedding dip (Figures 28c-d). Results from the increased resolution mesh more closely 
match the observed data, especially the moisture spikes seen in the vapor phase notch, the base 
of the Cerro Toledo (Qct), and the Guaje Pumice (Qbo) (Figure 7).  Because the high resolution 
mesh is only 300 m in lateral extent, some realizations of the simulated wetting front have 
limited interaction with the lateral boundaries of the model. This impact causes less lateral 
spreading than would occur in a mesh with larger lateral extents. This effect is limited to higher 
background infiltration cases, and the net impact is to predict slightly faster particle arrival times 
at the water table.   

Comparison of fractured rock simulations to those with only a matrix component shows that the 
wetting front spreads laterally in the fractured case leading to shallower penetration (Figure 28g).  
Using the non-fractured scm formulation in simulations of particle breakthrough ensures that the 
simulations do not under-predict breakthrough times based on the conceptual model for 
fracture/matrix interactions. Longitudinal dispersivity in the simulations was also set to a value 
of 30 m for all cases to ensure that particle breakthrough is not under-predicted by the use of a 
low dispersivity. However, the particle tracking employed in this version of the model does not 
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include random walk which could lead to earlier breakthrough than reported. Future versions of 
this work should include a random walk component of particle movement. 

The particle release scheme, with release at seven equally spaced depths beneath the beds and 
one depth beneath the shafts (Table 3), implies that contaminants released during the GoldSim 
step of the PA modeling will collapse all mass between two release locations onto the lower 
location, thus ensuring that travel times for contaminants to the regional aquifer are not under-
predicted based on their conceptualized mass distribution. This is a necessary step to reduce the 
complexity of the 3-D model for use in the 1-D abstractions needed in GoldSim. Finally, 
although particle breakthrough for these simulations is at the water table, the total travel time to a 
100 m compliance boundary will be virtually the same due to much higher flow rates along the 
water table gradient than are likely to be found in the vadose zone. 
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Introduction 
The geometry of the GFM is defined with a three-dimensional (3D) Geocellular model of the 
Pajarito study area that encompasses MDA T mesa, DP canyon, and Los Alamo Canyon.  The 
framework stratigraphy is formed through a process that creates a 3D model from disparate input 
data. The process simplifies the available data near the model area and extrapolates from widely 
spaced data in other areas of the model domain. The WC09 GFM used for these studies is 
updated with information not previously available and includes 2009 updates that incorporate the 
geologic information contained in 330 wells and 25 cross sections that are available for the 
Pajarito Plateau and described in Cole et al. (2009). The WC09 series of the GFM is constructed 
using Earthvision by Dynamics Graphics Inc. Table 1 gives a correlation of the GFM input 
surfaces to the materials as they are used for modeling the MDA T area. 

The MDA T GFM begins with the full LANL Site domain which includes material units to a 
depth near bedrock and the Tesuque Fm units. A subset domain is selected around MDA T that is 
large enough to tie down surfaces at the edges, but small enough to enable the use of higher 
resolution work near the top soils of the mesa, mesa edges, and canyon bottoms. Figure 1 shows 
the domain for the MDA T modeling efforts. The topography within the area of interest was 
downsampled or clipped by using the 4-ft LIDAR data resulting in a 4-ft resolution grid that 
covers the modeling domain (red). The final extents of the Earthvision WC09 GFM used for 
modeling are 1,626,000 to 1,641,000 east-west, 1,769,000 to 1,779,000 north-south, 4000 to 
7500 elevation (State Plane, zone: 3002, GRS 1980/NAD83). 

Figure 1. Areas of interest for modeling projects. The WC09 GFM was created for the MDA T domain as 
shown in red. 
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The WC09 GFM is evolving as new data are acquired and geologists view and evaluate the 
resulting GFM. The version used for the MDA T model is the December 2009 WC09 model and 
a Paleochannel subset that gives special attention to the paleochannel and overburden around the 
MDA T site. Both these models were built by Weston and delivered December 2009. Since the 
release of that version, there have been more updates, and the latest version for the full Pajarito 
study area is now version WC11. Updates to the new version include additional data and 
improved interpretation of the deeper units near and below the water table. Figure 2 shows an 
example of additional information being evaluated for update from the WC09 GFM to WC11. 
New interpretations of the material extents, faulting, and topology are evaluated by geologists 
and adjusted as needed to be consistent with current and accepted conceptual models. 
 

 
Figure 2.  Cut out from WC11 version GFM showing updated information from the WC09 version GFM. 
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Table 1. Correlation of geologic surfaces used to create WC09 GFM to materials used in meshing for the full 
site and MDA T GFM modeling. 
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Drill hole data used for the WC09 GFM are used to define material units in the model. These 
include data at the mesa site and beyond that help to constrain interpolation at the boundaries 
(Figure 3). 

 
Figure 3. Example of borehole data used to create the WC09 GFM. 

Input Data for Absorption Beds and Shafts 
The WC09 GFM includes estimated fill depth over the sites and includes geometry of adsorption 
beds and waste disposal shafts. As written in LANL (2006, page 3), SWMU 21-016(a) is 
comprised of four inactive absorption beds: the beds measured approximately 120 ft long x 20 ft 
wide x 6 feet deep (1.82 meters deep). Data on the location of the absorption beds and disposal 
shafts were provided by Weston. The MDA T disposal shafts were provided as x,y State Feet 
locations with radius and depth for each. The four absorption beds were provided as polygon 
shapes at ground surface. 

Input Data for Paleochannel 
A subset of the WC09 Earthvision model was built with special attention to the paleochannel and 
soils at the top of the mesa from MDA V, located west of MDA T, to MDA U to the east. The 
paleochannel  feature is observed in soil borings that include the MDA T site. The paleochannel 
is only partially exposed and is otherwise covered with up to four feet of soils. It is channel-
shaped with the bottom ranging from 8 to 35 feet below ground surface. The x,y extents for the 
paleochannel feature are from a minimum of (1631000, 1774750 ft) to a maximum of (1634700, 
1774250 ft). Data for the paleochannel are taken from soil borings and resistivity profiling as 
shown in Figure 4.  
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Figure 4. Location of paleochannel feature included in WC09 for MDA T. 
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GFM Unit Material Extents and Elevations for Quality Assurance Checks 
The following figures are used to plan the mesh design and model setup. Figures are also used 
for quality assurance (QA). Each figure is examined and accepted by geologists for modeling 
needs. The mesh is designed to best capture resolution in important areas such as the mesa top, 
canyon bottoms, and immediately under the MDA T site. The resulting mesh is then compared 
against these figures to check for consistency between the GFM and the mesh. 

Figure 5. Extents and elevations of basalts below MDA T domain. Example figure shows type of analysis used 
for examination and QA review of the GFM model and the input data used. 

The following figures show the WC09 material units by elevation and extent over the MDA T 
domain. The top elevation for each material is shown. Additionally, the flow body basalts are 
shown with both their top and bottom elevations separately. The flow bodies are embedded in the 
layer –cake stratigraphic structures of the model. 
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Figure 6a. Top surface elevation of Qbt3 

 
Figure6b. Top surface elevation of Qbt2 
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Figure 6c. Top surface elevation of Qbt1vu 

 
Figure 6d. Top surface elevation of Qbt1vc 
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Figure 6e. Top surface elevation of Qbt1g 

 
Figure 6f. Top surface elevation of Qct 
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Figure 6g. Top surface elevation of Qbof 

Figure 6h. Top surface elevation of Qbog 
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Figure 6i. Top surface elevation of Tb4 

 
Figure 6j. Bottom surface elevation of Tb4 
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Figure 6k. Top surface elevation of Tpf 

Figure 6l. Top surface elevation of Tjfp 



Attachment I-14 
MDA T Groundwater Pathway 

Figure 6m. Top surface elevation of Tb2 

Figure 6n. Bottom surface elevation of Tb2 
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Figure 6o. Top surface elevation of Tcar 

 
Figure 6p. Top surface elevation of Ttc 
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Introduction 
The groundwater pathway model presented in this report represents Material Disposal Area 
(MDA) T at technical area (TA)-21 and includes important features such as the paleochannel, 
absorption beds, and concrete shafts. Two meshes were constructed: 1) a mesa-scale mesh that 
includes all of DP Mesa and TA-21; and 2) a high-resolution local-scale mesh around MDA T. 
Both meshes have materials defined by the Weston Earthvision model WC09 (Attachment I). 
This updated geologic model estimates fill depth over sites and includes the geometries of 
absorption beds and waste disposal shafts. Special attention was given to the location of the top 
soil and the paleochannel at 50 foot depth, and the interface between Qbog and Tpf materials 
below the MDA T site.  

Two meshes were created; a large-domain mesh that incorporates the full mesa and adjacent 
canyons (mesa-scale “Mesa” mesh), and a smaller-domain, high-resolution, box shaped mesh 
that captures the area around the MDA T absorption beds (local-scale “Beds” mesh). In general, 
the Mesa mesh allows exploration of various modeling scenarios over the full domain while the 
Beds mesh is used for focused and more accurate modeling immediately around and beneath 
MDA T. The Mesa mesh is deeper with a top surface in air at 2272 meters (7454.07 feet) and a 
flat bottom located more than 100 meters below the water table at 1600 meters (5249.34 feet) 
elevation. The Beds mesh has a flat top at 2176 (highest elevation of beds), and a flat bottom 
located at an elevation of 1777 meters.  

The Mesa mesh was developed for area studies needing the full domain but not high resolution at 
depth and away from MDA T site. The Beds mesh was needed to capture thin material units and 
their slope. By reducing the size of the domain to an area around the absorption beds and less 
depth, the density of mesh nodes for the area was increased. Although both meshes have 
approximately one-meter resolution near the ground surface, at 15 meters depth, the Beds mesh 
spacing of 1 meter captures geologic features much better than the 3 to 6 meter vertical spacing 
of the Mesa mesh. The Mesa and Beds meshes are shown in Figures 1a and 1b, respectively. 
Coordinate and spacing information for the Mesa and Beds meshes are included in Tables 1a and 
1b, respectively.  
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Figure 1a Full Mesa Mesh 

 
Figure 1b High Resolution Beds Mesh (cut at middle) and Slice from Full Mesa Mesh 

Figures 1a and 1b. MDA T Computational meshes colored by the WC09 GFM materials (Table 1) 
and truncated at ground surface. The Full Mesa mesh has variable octree spacing with high 
resolution located in the top soils, the mesa sides and both canyon bottoms. The high resolution Beds 
mesh has a constant 1 meter vertical spacing. The polygon in Figure 1a shows the location of MDA T 
beds and shafts, the absorption beds for the high resolution Beds mesh are shown as pink in Figure 
1b. 
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Table 1a. MDA T Mesa Mesh Coordinates and Spacing 

MDA T Full Mesa Mesh 

Number of Mesh Nodes:  
Number of Tetrahedral Cells:  
Vertical spacing: 
Horizontal spacing: 
Total Computational Volume of mesh:  
 

1,041,642 
6,189,770 
1.5 to 48 meters 
2 to 64 meters 
2,312,110,100 cubic meters 
 

 
Boundary Coordinates State Plane Meters NAD 83 

 Minimum Maximum Difference 
East-West (x) 496,720.00 499,408.00 2688.00 
North-South (y) 540,100.00 541,380.00 1280.00 
Vertical (z) 1600.00 2272.00 672.00 

 
Boundary Coordinates State Plane Feet NAD 83 

 Minimum Maximum Difference 
East-West (x) 1,629,658.79 1,638,477.69 8818.89 
North-South (y) 1,771,981.63 1,776,181.10 4199.48 
Vertical (z) 5249.34 7454.07 2204.72 

 
Table 1b. MDA T Beds Mesh Coordinates and Spacing 

MDA T High Resolution Beds Mesh 

Number of Mesh Nodes:  
Number of Tetrahedral Cells:  
Vertical spacing: 
Horizontal spacing: 
Total Computational Volume of mesh:  
 

1,040,400 
5,985,000 
1 meter 
3 to 18 meters 
35,910,000 cubic meters 
  

Boundary Coordinates State Plane Meters NAD 83 
 Minimum Maximum Difference 
East-West (x) 497,485.17 497,834.82 349.65 
North-South (y) 540,695.17 541,044.82 349.65 
Vertical (z) 1777.00 2176.00 399.00 

 
Boundary Coordinates State Plane Feet NAD 83 

 Minimum Maximum Difference 
East-West (x)    
North-South (y)    
Vertical (z)    
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Mesh Criteria (Mesh Design) for Mesa Mesh 
The Mesa mesh is designed to be used for both unsaturated zone and saturated zone calculations 
using the FEHM flow and transport code. The volume being modeled is the subsurface area of 
MDA T and regions beneath the mesa and the surrounding Los Alamos and DP canyons. Within 
the MDA T area, the primary features of interest are the top soils, a paleochannel, and shafts with 
concrete caps in tuff, and absorption beds in large cobbles. The mesh was designed with spacing 
to capture fine resolution to represent the absorption beds, shafts, top soils, and paleochannel, but 
also able to spread mesh spacing large enough to capture the full domain of the mesa to O-4 
groundwater monitoring well, both LA and DP canyons and to a depth that includes the Tpf Puye 
and basalt materials under the mesa and nearby canyons.  

An octree refined mesh using orthogonal hexahedral elements was chosen for the MDA T flow 
and transport model.  The principal reason structured grids are used for this work is to allow for 
the use of the streamline particle-tracking transport capability of FEHM. Although the structured 
grids are not as flexible as unstructured grids in fitting complex geometry, tests have shown that 
they provide accurate solutions as long as there is adequate resolution to represent the geometry 
of the different materials in each hydrogeologic layer.  Moreover, there must be enough 
resolution to account for any large gradients present in the flow or transport model. Therefore the 
grid will need appropriate resolution along the expected particle paths.  Accuracy and higher 
resolution at the ground surface is needed to correctly locate features such as the paleochannel, 
absorption beds, and the shafts. 

The Mesa mesh is a balanced octree grid with resolution added to capture the ground topography 
and target features. Mesh spacing is designed to telescope out from fine resolution at MDA T 
and coarser as distance from MDA T and ground surface increases. A mesh spacing of 2 x 1.5 
meters was chosen for the MDA T area. Vertical resolution in the thick Qbof and Tpf units are 
thick enough to be represented with 12 and 24 meter spacing. The Qbog layer was deemed 
important enough to use 6 meter spacing and ensure this thin unit has enough refinement to be 
continuous and to capture the south and east slope contours. Node information for the Mesa 
mesh is included in Table 2. 

Mesh Criteria (Mesh Design) for Beds Mesh 
The Beds Mesh has a constant 1 meter vertical spacing and was created after modeling with the 
Mesa mesh determined that higher resolution was needed for modeling water flow under the 
absorption beds. It was decided that each of the materials under the beds and to the water table 
needed to be represented more accurately. The total mesh nodes needed to stay near 
approximately one million for time and computational contraints. The Beds mesh is near the 
same number of nodes as the Mesa mesh, but with a Beds domain located immediately around 
the MDA T beds and with 400 meter depth. Vertical resolution under the beds is a constant 1 
meter vertical and 2 meter horizontal. This resolution is able to capture the slope and thickness of 
the Qbt Tshirege and Qct Cerro Toledo units. This resolution also allowed the inclusion of  a 
layer to represent the Vapor Phase Notch by tagging the bottom nodes of the Qbt1vc (colonade) 
unit. Node information for the Beds mesh is included in Table 2.  
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Table 2. Node information for Mesa and Beds meshes 

 
 

Mesa and Beds Mesh Materials from WC09 GFM 
 

Beds Mesh 
Nodes 

Mesa Mesh 
Nodes 

Name Geologic Description Mesh 
ID 

7511 312618  Air 101 
1425 17080 OB2 Overburden above Paleochannel 39 
1584 14205 PC Paleochannel 40 

4435 82684 OB Overburden Fill/Soil  38 

71034 315111 Qbt3 Tshirege Unit 3 35 

53853 35970 Qbt2 Tshirege Unit 2 34 

14553 20542 Qbt1vu Tshirege Unit 1 - vitric 33 

34145 7602 Qbt1vc Tshirege Unit 1 - colannde 32 

74881 14688 Qbt1g Tshirege Unit 1 - glassy 31 

27952 17511 Qct Cerro Toledo 29 

227196 89999 Qbof Otowi Member, ash flow 28 

21255 39961 Qbog Otowi Member, Guaje Pumice 27 

0 517 Tb4 Cerros del Rio Basalts 25 

293996 51369 Tpf Fanglomerates 20 

206580 21394 Tjfp Bearhead Rhyolite, Peralta tuff 16 

0 391 Tb2 8.4 to 9.3 Ma Basalts 10 

1,040,400 1,041,642 Total Mesh Nodes 

3591.0E+04 231211.0E+04 Total Mesh Volume (cubic meters) 
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Input Data 
The input data for building the Mesa and Beds meshes include a geologic framework model 
(GFM) and data to represent features such as the paleochannel, absorption beds, and concrete 
shafts.  
 
The geology of both meshes are defined with the WC09 Geologic Framework Model (GFM) as 
described in Attachment I. The WC09 GFM is a three-dimensional (3D) Geocellular model of 
the Pajarito study area and encompassing MDA T.  The framework stratigraphy is formed 
through a process that creates a 3D model from disparate input data that incorporate the geologic 
information contained in wells and cross sections. The resulting 3D model is then evaluated for 
consistency with the input data and accepted conceptual models for the area.  
 
The GFM includes a small but fine resolution Earthvision model used to capture shallow features 
at the top of the mesa. The subset model is a high resolution representation of the paleochannel 
and soils within 50 feet depth from MDA V in the West to MDA U in the East. The WC09 
geologic model includes estimated fill depth over the sites and includes geometry of absorption 
beds and waste disposal shafts. The four absorption beds were provided as polygon shapes at 
ground surface and extended to depth. 

Mesh Generation Process 
The meshes were developed using the Los Alamos Grid Generation software package 
(LaGriT)(George 1997). LaGriT contains a comprehensive set of software macros that uses 
hydrogeologic, GIS, and geometry data to build and optimize computational grids.  LaGriT is 
used to write model setup files for FEHM and is also used for grid analysis and visualization 
work. The mesh generation methods and images for both Mesa and Beds meshes can be found at 
http://meshing.lanl.gov/proj/ER_LANL_TA-21_2009/catalog.html 

Mesh Generation Process for Beds Mesh 
The high resolution Beds mesh was created with a constant vertical spacing of 1 meter and 399 
meters height. It has a 2 meter horizontal spacing in a 120 x 120 meter area around the 
absorption beds. Mesh cells are added to the outer zone of the Beds mesh to act as a boundary, 
the outside middle cells have 18 x 3 meter spacing and outside corners have 18 x 18 meter 
spacing. The mesh was translated and rotated so the Beds center was located at the center 
between the four absorption beds as shown in Figure 3. The Beds mesh is rotated 45 degrees to 
keep the beds in the middle of the high resolution rectangular shape.  
 
The corner point coordinates of the translated and rotated mesh are: 

SW 497539.8477542  540695.1756772 
SE 497834.8242265  540749.8463349 
NE 497780.1535688  541044.8228071 
NW 497485.1770966  540990.1521495 

 
The mesh nodes were tagged with the WC09 GFM and absorption bed locations the same as was 
done for the Mesa mesh described below. The result is a high density computational mesh 
representing the hydrogeologic layers around and below the absorption beds. 
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Distribution of High Resolution Beds Mesh showing locations of the absorption beds. 

Figure 2. High Resolution Beds Mesh showing GFM colors as described in Table 1. Pink nodes are identified 
as air above the mesa ground. 
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Mesh Generation Process for Mesa Mesh 
This section details the steps to build the Mesa Mesh. These steps include: building the base grid 
within area extents, refinement of grid blocks in areas requiring further resolution, grid 
optimization, assignment of node properties, and the output of FEHM grid and property files. 
Although the GFM is in units of feet, the grid is written in meters for input into the FEHM 
modeling program. This is a simple conversion and does not introduce any inaccuracies.  

The geologic framework for the model region is the first consideration for constructing a grid for 
a model area. The grid resolution in the vertical dimension must be chosen to adequately 
represent groundwater flow and transport in the model.  Each layer in a structured grid is 
horizontal, but the layers of the physical hydrogeologic units are gently sloping. The grid layers 
will have a stair-step shape, but increasing vertical resolution can capture the shape of the slope 
(as shown in the Beds mesh).  A grid with finer resolution and more nodes can more accurately 
represent the geologic structure, but will require increased computational demands. Careful 
design of grid node distribution will result in a balance between grid size and a grid resolution 
that captures the geologic framework (Miller et al., 2007). 

Computational meshes generally evolve from relatively simple large regions, to smaller focus 
areas with added detail and resolution. Each generation of refinement is considered a new 
“level”. The Mesa mesh is a 5-level octree refined mesh. The spacing is selected to provide the 
resolution for accurately representing flow and transport along critical flow and transport path 
ways in model area and with special attention to the area around and under MDA T. A much 
finer resolution is used at shallower portions of the model, and a progressively coarser resolution 
is used for deeper portions.  Each element is slightly shorter in the vertical to optimize resolution 
in the vertical direction. The mesh spacing ranges from 2 x 1.5 meters (approximately 6 x 4 feet) 
at the mesa top to 64 x 48 meters (approximately 210 x 157 feet) at the bottom and outside edges 
of the model domain.  The structure of the grid’s vertical layering is summarized in Table 3 and 
illustrated in Figure 3.  

For the horizontal resolution, the general criteria used for grid refinement is geometric. A 
polygon which outlines the mesa bottom at the canyons and mesa top are used with the ground 
surface to refine along the mesa walls. Refinement directly under the absorption beds and shafts 
is selected radially with MDA T at the center. A box shape fitting the paleochannel is used to 
select the final high resolution representing this shallow feature. 

Table 3 summarizes the spacing and selection criteria. Figure 4 shows the mesh for each of the 
five refinement levels starting with the level 0 background mesh. Refinement telescopes in 
toward the smallest resolution located at top of mesa and along the paleochannel where the high 
resolution captures features needed for modeling MDA T and surrounding area. 
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Table 3. Spacing Used in the MDA T Computational Mesh 

Level Vertical 
Spacing 
(m) 

Horizontal 
Spacing (m) 

Area Selected for additional Resolution – each level divides 
spacing by half such that spacing telescopes inward toward 
smallest edge lengths. 

0 64 48 Entire Mesh (this is the starting mesh) 

1 32 24 Rotated region around MDA mesa and canyons. 

2 16 12 Inner region immediately around mesa and canyons 

3 8 6 Mesa surface top and canyon. Elevations containing Qbog. 

4 4 3 Mesa top including the MDA T site and immediately below. 

5 2 1.5 Beds around paleochannel and radial distance 
encompassing the MDA T site. 

Figure 3. MDA T Mesa mesh top views showing full mesh and MDA T area refinement. Highest resolution 
spacing is in the immediate vicinity around MDA T and at mesa top soils to represent the thin paleochannel 
and capture mesa walls.  Hydrogeologic units are colored with WC09 GFM color map as shown in Table 2. 
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Level 0 Background mesh 
 with coarse resolution 64 x 48 
meter edges. Outside elements 
rotated around mesa and 
canyons. 

 

Level 1 resolution  
around includes full mesa, 
canyon bottoms, and canyon 
confluence on east edge 32 x 24 
meter edges. 

 

Level 2  
bottom goes through 
fanglomerates and includes 
mesa and canyon edges 16 x 12 
meter edges. 
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Level 3 
includes Qbog elevations, full 
mesa surface to 35 meter depth, 
and east to Well O-4 8 x 6 
meter edges.

Level 4 
includes 12 meter top of mesa 
and 400 meter radius around 
and below MDA T site 4 x 3 
meter edges.

Level 5 
is a 4 meter deep Beds shape 
containing the paleochannel and 
boundary of MDA T site 2 x 1.5 
meter edges.

Figure 4. Model mesh development for each of the 5 refinement levels. 

Mesh Hydrogeologic Properties 
After constructing the mesh, the physical hydrogeologic unit present at each node in the 
computational grid is assigned. The WC09 GFM Earthvision model is used for this step. The 
volumes of the GFM represent the shape of each hydrogeologic layer.  The mesh nodes and the 
hydrogeologic features are both imported into LaGriT and are used to identify the hydrogeologic 
layer designation for each node and cell of the computational mesh nodes are also identified as 
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above and below the ground surface, and for each of the absorption beds and shafts. Figures 5 
and 6 illustrate the variable mesh spacing with associated hydrogeologic units for the Mesa mes. 
Figure 7 illustrates the mesh spacing and associated hydrogeologic units for the Beds mesh.  

 

 

Figure 5 Cutaway showing a close up of the refined area of the MDA T mesh where vertical spacing 
reduces from 37.5 meters (123.03 feet) down to 6.25 meters (20.5 feet). The cut out is the north east 
section of the mesa and shows the Cerros Del Rio Tb4 red) and layers up to surface with the Otowi 
layers in tan. Soil, or overburden shows here as bright green. Vertical lines show shaft locations 1, 7, 
4, 5 (left to right). 
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Figure 6. Full Mesa Mesh colored by WC09 and cutout to show the Otowi members in brown and 
Fanglomerates in greens. The highest resolution is along the mesa top and beneath. 

 

 
Figure 7. Beds Mesh colored with WC09 GFM. Materials have been separated at the interfaces. An 
additional material to represent the Vapor phase notch was created from the bottom nodes of Qbt1vc and is 
shown here as the pink layer. 
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Mesh Properties for Absorption Beds and Concrete Shafts 
The absorption bed zones are identified using polygons for each bed 1 through 4 with beds 1 and 
2 further south and at higher elevation (2176 meters) than Beds 3 and 4 located toward the DP 
canyon side at elevations from 2130 to 2175 meters. Each polygon is defined as parallel bed 
shapes defined by 3 points, one each in the SW, SE, and NW corner (Table 4). 
 

Table 4. Absorption bed coordinates. 

Bed Points X (meters) Y (meters) 
Bed 1 SW 497616.88 540885.25 
Bed 1 SE 497651.22 540859.38 
Bed 1 NW 497620.31 540890.12 
Bed 2 SW 497653.25 540857.81 
Bed 2 SE 497689.28 540831.25 
Bed 2 NW 497656.69 540862.62 
Bed 3 SW 497668.38 540877.00 
Bed 3 SE 497706.44 540848.44 
Bed 3 NW 497671.50 540882.21 
Bed 4 SW 497631.09 540904.44 
Bed 4 SE 497666.03 540879. 
Bed 4 NW 497633.28 540909.44 

 
Each horizontal layer of mesh nodes are labeled from top down to 3 layers deep with each layer 
1.5 meters apart. The top nodes of beds 1 and 2 (south) are at elevation 2176.0 meters. The top 
nodes of beds 3 and 4 (north) are at elevation 2174.5 meters. This is consistent with the ground 
elevations in this area which slope generally downwards toward the north and east from 2177 
meters to 2174 meters.  
 
There are 100 shaft zones located between the four absorption beds located at various depths. 
The shaft nodes are selected by constructing a 1 meter cylinder around actual shaft line locations 
and tagging the mesh nodes within this cylinder. Mesh resolution at top is 2 meters horizontal 
and 1.5 meter vertical so actual shaft locations will vary from the nearest node selected to 
represent the shaft. The representative shaft nodes are written with elevations and associated 
material so the modeler can choose mesh nodes to best simulate actual conditions. 
 

The absorption beds are for the Mesa and Beds meshes are shown in Figures 8 and 9, 
respectively. Figure 10 shows the absorption beds, shafts, and paleochannel.  
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Figure 8. Mesa mesh detail showing mesh nodes used to represent the four absorption beds and concrete 
shafts. The MDA T site polygon is included for reference only.  

Figure 9. Beds mesh showing the mesh nodes representing the top layer of each of the four beds. Stair 
stepping can be seen as the mesh changes to represent the slope of elevation toward DP canyon direction. 
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Figure 10. Shaft and Absorption bed zones (black points) on the mesh and showing the 
representative mesh nodes and top elevations. Dark and light green mesh colors represent the 
Overburden soils around and above the paleochannel (light blue). The mesh shading shows the 
change of elevation along the mesa top with fine resolution near the Overburden soils and very 
coarse resolution on side of DP canyon away from MDA mesa. 

Mesh Properties for LA and DP Canyon Bottoms 
These files represent LA canyon, DP canyon, and all nodes at the top ground surface and 
connected to the air mesh nodes above. The surface representing the top ground (and below air) 
has 58542 mesh nodes with a total Voronoi area of 3440640 square meters. LA Canyon has 2272 
nodes and a total Voronoi area of 404445 square meters. DP Canyon has 1791 mesh nodes and a 
Voronoi area of 83858 square meters. LA and DP canyons can be seen in Figure 11.  
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Figure 11. Ground surface extracted from the Mesa mesh and colored by elevation. Points on the surface 
represent selected canyon points. These represent the mesh nodes below at top ground surface and connected 
to air nodes. The red points are Los Alamos Canyon and the blue are DP Canyon mesh nodes. 

 

Output 
Once the grid quality is checked and the geometry conforms to the GFM, FEHM input files are 
generated.  The FEHM software code is used in modeling to obtain numerical solutions 
describing groundwater flow and transport.  The control-volume finite element (CVFE) method 
is used in FEHM to obtain a numerical solution to the groundwater flow equation over the model 
domain.  Grid tetrahedral are divided into volumes associated with grid blocks and areas 
associated with interblock distances.  The grid block volumes are the Voronoi volumes 
associated with each grid block. LaGriT is designed to produce these CVFE grids by translating 
the coordinate and grid attribute information into a form that is valid for finite-element heat and 
mass compilations. 
 
LaGriT is used to write FEHM files listed in Table 5. The files include the grid geometry, lists of 
nodes on external boundaries, and node lists sorted by hydrogeologic unit.  The number of nodes 
assigned to each hydrogeologic unit is presented in Table 1.  
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Table 5. Mesh generation output files for FEHM. 

tet_WC09_material.zone FEHM zone list format for each hydrostratigraphic unit as defined 
from WC09 and Paleochannel GFMs. 
Materials 10 to 40 and 101 assigned to mesh nodes. Air is 
material zone 101 
 

tet_WC09_outside.zone FEHM zone list format for each face of the model (top, bottom, 
N, S, E, W). These are median areas. 

tet_WC09_outside.area FEHM area format file with the vector area associated with each 
exterior node. These are median areas. 

tet_WC09.fehmn FEHM ‘coor’ and ‘elem’ information for node coordinates and 
element connectivity. State Plane Meters NAD 83. 

tet_ascii.stor 
tet_bin_linux.stor 

FEHM sparse matrix coefficients in ASCII and binary format for 
linux OS.. 

DP_canyon.zone 
DP_canyon_area.dat 
 
LA_canyon.zone 
LA_canyon_area.dat 
 
top_surf.zone 
top_surf_area.dat 
 

The top ground surface has highest nodes with materials 
1-40 and connected to air. 
The .dat files are Voronoi areas of nodes at top ground 
surface. 
 

MDAT_shaft_nodes.dat 
shafts_material.zone 
 

 

MDAT_bed_nodes.dat 
 
bed1_top_material.zone 
bed1_layer1_material.zone 
bed1_layer2_material.zone 
bed1_layer3_material.zone 
 
bed2_top_material.zone 
bed2_layer1_material.zone 
bed2_layer2_material.zone 
bed2_layer3_material.zone 
 
bed3_top_material.zone 
bed3_layer1_material.zone 
bed3_layer2_material.zone 
bed3_layer3_material.zone 
 
bed4_top_material.zone 
bed4_layer1_material.zone 
bed4_layer2_material.zone 
bed4_layer3_material.zone 
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Grid Quality 
The final step of mesh generation is to convert the colored hex mesh to a tetrahedral mesh that 
satisfies the Delaunay criteria. This is required because FEHM does not support direct import of 
an octree refined hexahedral grid.  

Figure 12. Top view of Mesa mesh showing the Voronoi volumes formed from the Delaunay connected mesh. 
Voronoi volumes are formed around each mesh node. 

Quality checks are performed to ensure that the final grid is correct.  These include isopach 
thickness checks of the hydrogeologic surfaces.  All nodes are automatically and visually 
checked to ensure that they are assigned the correct material identification corresponding to the 
input WC09 GFM.  Lists of the number of nodes associated with each material are compared to 
confirm that the hydrogeologic units are identified correctly.  Feature locations are checked 
against WC09 GFM and area maps as shown in Figures in Attachment I. Slices are compared to 
the WC09 GFM slices. 

As expected, the accuracy of represented hydrogeologic units are related to the grid spacing. The 
amount of error within the refined area is less than the grid block size of 1.5 meters. Thin but 
important units such as Qbog are given enough resolution to capture a thickness of at least one 
mesh node, and a continuous connectivity where it exists. Away from the refined area and 
beyond the influence on particle pathways, the grid blocks are large and represent the units only 
coarsely. The extents and resolution of each material unit are shown by the top views in the set 
of Figures below. The Beds mesh has more than the needed resolution to capture all including 
the deeper thin units such as Cerro Toledo. 

The following set of figures (Figure 13) from the Mesa mesh are used to compare unit layer 
extents of the grid nodes when comparing to the WC09 GFM or map contours (see Attachment I 
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figures). They provide the modeler with information on how well the grid captures the layers and 
how layer extents may influence the modeling setup. Note where node spacing is wide, the 
material units may appear sparse. This is because mesh spacing for that region is larger than the 
thickness of the corresponding material layer in the GFM. These are compared against the 
Figures in Attachment I to check that the elevations and extents are reasonable within the grid 
resolution. Where the grid has spacing greater than 6 meters (20 feet), the thin layers are only 
coarsely captured and the layer becomes discontinuous. This was expected and the Beds mesh is 
used where this may affect modeling results. Most the coarse mesh is outside of the mesh and 
used mainly for setting boundary conditions. 
 

 
Overburden 2 (OB2) 

 
Paleochannel (PC) 

 
Overburden (OB)   

Tshirege 3 (Qbt3) 

 
Tshirege 2 (Qbt2)  

Tshirege 1 vitric (Qbt1vu) 

 
Tshirege 1 colannade (Qbt1vc)  

Tshirege 1 glassy (Qbt1g) 
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Cerro Toledo (Qct)  

Otowi (Qbof) 

 Otowi Guaje (Qbog)  Cerros del Rio Basalts (Tb4) 

 Fanglomerates (Tpf)  Bearhead Rhyolite (Tjfp) 

 Older Basalts (Tb2) ALL 

Figure 13. Mesa mesh node points are selected by unit layer and colored by elevation (feet). 

 
Comparisons to the WC09 GFM and the mesh are also done with cut views and slices. From 
these comparisons we can see the shapes of the top of the Tb4 layer (red), the Otowi members 
Qbog and Qbof (tan) and Tpf(green). As seen in Attachment I, two of thickest layers in the GFM 
are Tb4 and Qbof and they exert control over the shapes of overlaying layers. Figure 14 shows 
cutouts that show the Mesa mesh is a good representation of the WC09 GFM.  
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Figure 14. Cut away showing the Mesa mesh (top) and the WC09 GFM (bottom). 

 
For intentions used in these studies, the Full Mesa computational mesh is adequate for coarse 
scoping work and the High Resolution Beds mesh is preferred for accurate modeling results. 
Increased vertical resolution of the High Resolution Beds mesh captures the very thin layers such 
as Cerro Toledo (QCT) to ensure it is continuous through the model area. Resolving details of 
the locations of groundwater pathways are improved by using the High Resolution Beds mesh, 
which captures the interfaces within the important layers. Figures 15 and 16 illustrate the 
difference in resolution between the Mesa and Beds meshes.  
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Figure 15. Slice of Mesa mesh shows good resolution in top soils, but lacking in the Qbt(olive) and Qct(rust) 
layers. 

 
Figure 16. Slice of Beds mesh shows good resolution from ground to bottom. 
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Summary 
This attachment summarizes the sources of vadose zone hydraulic properties used for numerical 
modeling of flow and transport for studies related to Material Disposal Area (MDA) T at 
Technical Area (TA) 21 (TA-21) at the Los Alamos National Laboratory (LANL). Hydraulic 
properties were acquired from published sources and recent TA-21 Investigation Reports 
summarizing measured hydraulic properties from specific boreholes at TA-21. Measured and 
calibrated bulk permeabilities from TA-54, and fracture properties from various sources are also 
summarized. In addition, the recent findings by Bussod et al. (2011) regarding hydraulic 
properties of the Puye Formation are summarized. Finally, FEHM (Zyvoloski et al. 1997) macro 
files using “nominal” settings based on average hydraulic properties are built.  
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Technical Area 21 
Figure 1 shows a map of TA-21 located on DP Mesa with locations of MDAs A, B, T, U, and V, 
and locations of monitoring wells. DP Mesa is bounded by DP Canyon to the north and Los 
Alamos Canyon to the south.  
 
Figures 2, 3, 4, and 5 are maps of MDA A, T, U, and V, respectively, showing the locations of 
boreholes (in red ovals) with measured hydraulic properties.  
 

 
Figure 1. Map of TA-21 showing MDAs A, B, T, U, and V (adapted from LANL, 2011, Figure 
1).  
 
 

MDA A
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Figure 2. Map of MDA A showing location of borehole 21-26588.  
 

 
Figure 3. Map of MDA T showing locations of boreholes with measured hydraulic properties.   
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Figure 4. Map of MDA U showing location of borehole 21-24772.  
 

 
Figure 5. Map of MDA V showing locations of boreholes 21-24524 and 21-02523.   
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Stratigraphy at MDA T 
The generalized stratigraphy of bedrock units at MDA T is shown in Figure 6. This stratigraphy 
was encountered during drilling of borehole 21-607955 at MDA T. The vapor phase notch 
(VPN) located between units Qbt 1v and Qbt 1g is also shown in Figure 6.  
 

 
Figure 6. Generalized stratigraphy of bedrock units at MDA T (LANL, 2009, EP2006-0779, 
Figure 4.2-1).  

Vapor phase notch
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Hydraulic Properties 

Springer et al. (2000) 
Springer et al. (2000) provide the earliest summary of TA-21 hydraulic properties. Their report 
includes tables of hydraulic properties of each of the Tshirege units, and the Otowi member of 
the Bandelier tuff shown in Figure 6. Springer et al. (2000) provide hydraulic properties from 
core samples collected from three boreholes near TA-21: LADP-3; LADP-4; and MDAVDH. 
Borehole LADP-3 is located in Los Alamos Canyon while LADP-4 is located on a sideslope of 
DP canyon (see Figure 1). Borehole MDAVDH is located on the east side of MDA V, and is 
renamed 21-02523 in Springer (2005, Table A1). The location of borehole 21-02523 is shown in 
Figure 5. Springer et al. (2000) also provide hydraulic properties for the VPN and the Guaje 
pumice bed.  
 
Springer et al. (2000) provide hydraulic properties for cases when saturated water content 
(ThetaSat) is calculated (and equal to porosity), and measured (at a water potential of zero). 
Hydraulic properties using measured ThetaSat are summarized in this report.  
 

Springer (2005) 
Springer (2005) summarizes hydraulic properties for many technical areas at LANL. The 
properties listed for TA-21 are nearly identical to those in Springer et al. (2000). The one 
exception is the summary of saturated hydraulic conductivity (Ksat) listed in Table 6 of Springer 
(2005) which has 36 core samples for TA-21, compared to 12 samples used in Table 1 of 
Springer et al. (2000). Springer (2005) includes 24 samples listed as originating from borehole 
“MDAT” in Table A1. These 24 core samples are from Nyhan (1979, Table III) who does not 
report sample depth with Ksat.  
 
Figure 7 shows Ksat values measured from samples from unit Qbt 3 from Springer et al. (2000) 
and Springer (2005). Clearly, the Ksat values from Springer et al. (2000) are significantly higher 
than those from Nyhan (1979). Minimum, maximum, mean, and geometric mean values are 
shown for the Springer et al. (2000) and Nyhan (1979) samples in Table 1. The mean and 
geometric mean values from the Springer et al. (2000) samples are factors of 10 and 6 larger than 
the Nyhan (1979) samples, respectively. 
 
Hydraulic properties were collected on additional core samples after Springer’s 2005 summary 
and are described below. 
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Figure 7. Comparison of Qbt 3 Ksats from Springer et al. (2000) and Nyhan (1979). 

Table 1. Comparison of Qbt 3 Ksats from Springer et al. (2000) and Nyhan (1979). 

MDA U Borehole 21-24772 (BH-4) 
Borehole 21-24772 (also known as BH-4) was drilled at MDA U in September 2005 to a depth 
of 360 ft below ground surface (bgs). Fourteen core samples were collected and analyzed for 
geotechnical properties: water content, bulk density, Ksat, and porosity. Hydraulic properties 
from samples collected in this borehole are summarized in Table 4.9-1 of the MDA U 
Investigation Report (IR) (LANL, 2006, ER2005-0923).  

MDA A Borehole 21-26588 
Borehole 21-26588 was drilled at MDA A in 2006 to a depth of 360 ft bgs. One sample was 
collected from between 337 and 339 ft bgs and analyzed for water content, bulk density, porosity 
and Ksat (LANL, 2006, EP2006-0835, p. 24-25). The one sample was collected from the Cerro 
Toledo interval.  
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Ksat (cm/s) Ksat (cm/s)
Minimum 5.556E-06 2.400E-05
Maximum 1.028E-04 3.300E-03

Mean 4.537E-05 4.668E-04
Geometric Mean 3.635E-05 2.131E-04
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MDA T Investigation Reports 
Table 4.3-5 of the MDA T IR (LANL, 2006, EP2006-0779) reports hydraulic properties from 
five MDA T boreholes. One of the five boreholes (21-25375) only has properties from the soil 
(“fill”) layer. Hydraulic properties from four boreholes (excluding 21-25375) are shown in 
Table 2. These four boreholes are 21-25262, 21-25263, 21-25264, and 21-25376, which were 
drilled to total depths of 380, 354, 354, and 283 ft bgs, respectively, in 2006 (LANL, 2006, Table 
4.3-1).  
 
In 2009, borehole 21-607955 was drilled to a total depth of 966 ft bgs, and borehole 21-25262 
was re-drilled and extended to a total depth of 695 ft bgs. Samples were collected from both 
these boreholes for analysis of hydraulic properties (LANL, 2009, EP2009-0676). Seven samples 
were collected from the extended borehole 21-25262 from depths of 420 to 680 ft bgs and 
analyzed for water content, porosity, bulk density, and Ksat (LANL, 2009, Table 4.1-2). Twenty-
four samples were collected from borehole 21-607955 between depths of 75 and 953 ft bgs 
which were analyzed for water content, porosity, bulk density, and Ksat, as well as for van 
Genuchten (vG) properties alpha, n, ThetaSat, and ThetaRes. The properties from borehole 21-
607955 are reported in LANL (2010, EP2010-0100).  
 
Hydraulic properties from the 2006 MDA T IR (LANL, 2006, EP2006-0079), the 2009 Phase III 
IR, Revision 1 (LANL, 2009, EP2009-0676), and the 2010 Phase III IR, Revision 1 Replacement 
Pages (LANL, 2010, EP2010-0100) are shown in Tables 2 and 3.  
 

MDA V Borehole 21-24524 
Two vapor monitoring wells were drilled at MDA V in 2009. These wells retained the location 
identification number of 21-24524, but with an additional designation of west (21-24524W) and 
south (21-24524S) to indicate their locations relative to former location 21-24524. Borehole 21-
24524W was drilled to 400 ft bgs and 21-24524S was drilled to 721 ft bgs (LANL 2009, 
EP2009-0649). Samples were collected from both boreholes for hydraulic property analysis 
including water content, bulk density, porosity, Ksat, and van Genuchten alpha and n (but not 
ThetaSat or ThetaRes). These properties are summarized from three tables in LANL (2009, 
EP2009-0649) and presented here in Table 4.  
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Table 2. Hydraulic properties measured on core from MDA T boreholes. 

  

Depth Bulk Density Ksat
Borehole (ft bgs) Unit (g/cm3) (cm/s) Porosity Source
21-25262 26–27 Qbt 3 1.48 3.40E-04 0.442 2006 PhI IR, Table 4.3-5
21-25262 124.6–125 Qbt 2 1.77 3.50E-04 0.333 2006 PhI IR, Table 4.3-5
21-25262 172–172.8 Qbt 1v 1.10 6.50E-02 0.586 2006 PhI IR, Table 4.3-5
21-25262 238–238.9 Qbt 1v 1.18 3.90E-05 0.553 2006 PhI IR, Table 4.3-5
21-25262 335–336 Qct 1.03 1.80E-02 0.612 2006 PhI IR, Table 4.3-5
21-25262 352–353 Qct 1.42 7.50E-04 0.465 2006 PhI IR, Table 4.3-5
21-25262 420–425 Qbo 1.11 9.20E-05 0.581 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 470–473 Qbo 1.13 1.90E-03 0.575 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 520–525 Qbo 1.07 1.70E-03 0.595 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 570–575 Qbo 1.12 2.90E-05 0.579 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 620–625 Qbo 1.13 1.90E-04 0.572 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 670–675 Qbog 0.91 7.60E-05 0.656 2009 PhIII IR, Rev1, Table 4.1-2
21-25262 675–680 Qbog 0.79 1.60E-04 0.704 2009 PhIII IR, Rev1, Table 4.1-2
21-25263 0.3–0.9 Fill 1.47 2.40E-04 0.445 2006 PhI IR, Table 4.3-5
21-25263 50–51 Qbt 3 1.23 6.20E-03 0.537 2006 PhI IR, Table 4.3-5
21-25263 186–187 Qbt 1v 1.08 3.10E-03 0.591 2006 PhI IR, Table 4.3-5
21-25263 251.5–252.5 Qbt 1g 1.11 1.60E-03 0.581 2006 PhI IR, Table 4.3-5
21-25263 336–337 Qct 1.53 7.00E-05 0.423 2006 PhI IR, Table 4.3-5
21-25264 0–1 Fill 1.37 7.10E-04 0.482 2006 PhI IR, Table 4.3-5
21-25264 75.5–76.5 Qbt 3 1.49 1.10E-03 0.438 2006 PhI IR, Table 4.3-5
21-25264 159–160 Qbt 2 1.46 9.00E-04 0.448 2006 PhI IR, Table 4.3-5
21-25264 241–242 Qbt 1g 1.24 4.60E-04 0.532 2006 PhI IR, Table 4.3-5
21-25264 329–330 Qct 1.48 1.50E-03 0.441 2006 PhI IR, Table 4.3-5
21-25376 33.2–34 Qbt 3 1.35 3.70E-02 0.489 2006 PhI IR, Table 4.3-5
21-25376 126.3–127 Qbt 2 1.59 1.40E-02 0.400 2006 PhI IR, Table 4.3-5
21-607955 70–75 Qbt 3 1.27 5.70E-03 0.520 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 89–94 Qbt 3 1.23 1.80E-03 0.535 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 114–118 Qbt 2 1.66 1.10E-04 0.374 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 126–131 Qbt 2 1.66 1.10E-04 0.372 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 143–148 Qbt 2 1.38 2.80E-03 0.478 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 155–160 Qbt 2 1.45 1.10E-04 0.453 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 174–179 Qbt 1v 1.44 1.10E-03 0.455 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 180–185 Qbt 1v 1.30 1.80E-04 0.508 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 194–197 Qbt 1v 1.39 4.10E-03 0.474 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 227–230 Qbt 1g 1.21 8.20E-04 0.544 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 287–290.5 Qbt 1g 1.06 5.20E-04 0.600 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 327–329.8 Qct 1.53 4.30E-04 0.423 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 362–364.8 Qbo 1.16 3.80E-04 0.560 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 418.6–421.7 Qbo 1.24 1.30E-04 0.533 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 461–464.6 Qbo 1.36 6.00E-04 0.488 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 500–505 Qbo 1.23 1.30E-03 0.534 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 562–565 Qbo 1.30 6.80E-04 0.510 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 618.3–621.7 Qbo 1.26 5.30E-04 0.525 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 666–668.4 Tp 1.74 2.70E-04 0.345 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 722.7–726 Tp 1.43 3.70E-03 0.460 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 762–766.2 Tp 1.54 3.70E-03 0.418 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 799.6–801.9 Tp 1.67 5.50E-04 0.370 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 874–877 Tp 1.63 4.60E-03 0.384 2010 PhIII IR, Rev1, Table G-2.0-1
21-607955 950–953 Tp 1.65 1.10E-02 0.376 2010 PhIII IR, Rev1, Table G-2.0-1
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Table 3. Hydraulic properties (vG) measured on core from MDA T borehole 21-607955. 

 
 
 
  

Depth alpha
(ft bgs) Unit (1/cm) n ThetaRes ThetaSat Source
70–75 Qbt 3 0.0087 2.171 0.0019 0.458 2010 PhIII IR, Rev1, Table G-2.0-2
89–94 Qbt 3 0.0104 1.858 0.0024 0.427 2010 PhIII IR, Rev1, Table G-2.0-2

114–118 Qbt 2 0.0012 2.476 0.0000 0.339 2010 PhIII IR, Rev1, Table G-2.0-2
126–131 Qbt 2 0.0012 2.531 0.0000 0.325 2010 PhIII IR, Rev1, Table G-2.0-2
143–148 Qbt 2 0.0057 2.131 0.0053 0.395 2010 PhIII IR, Rev1, Table G-2.0-2
155–160 Qbt 2 0.0033 1.621 0.0000 0.342 2010 PhIII IR, Rev1, Table G-2.0-2
174–179 Qbt 1v 0.0020 1.790 0.0000 0.290 2010 PhIII IR, Rev1, Table G-2.0-2
180–185 Qbt 1v 0.0024 1.715 0.0000 0.333 2010 PhIII IR, Rev1, Table G-2.0-2
194–197 Qbt 1v 0.0025 1.667 0.0000 0.339 2010 PhIII IR, Rev1, Table G-2.0-2
227–230 Qbt 1g 0.0021 1.682 0.0000 0.408 2010 PhIII IR, Rev1, Table G-2.0-2

287–290.5 Qbt 1g 0.0048 1.660 0.0000 0.475 2010 PhIII IR, Rev1, Table G-2.0-2
327–329.8 Qct 0.0041 1.512 0.0000 0.351 2010 PhIII IR, Rev1, Table G-2.0-2
362–364.8 Qbo 0.0042 1.566 0.0000 0.484 2010 PhIII IR, Rev1, Table G-2.0-2

418.6–421.7 Qbo 0.0038 1.649 0.0088 0.473 2010 PhIII IR, Rev1, Table G-2.0-2
461–464.6 Qbo 0.0037 1.556 0.0092 0.426 2010 PhIII IR, Rev1, Table G-2.0-2
500–505 Qbo 0.0084 1.472 0.0000 0.416 2010 PhIII IR, Rev1, Table G-2.0-2
562–565 Qbo 0.0056 1.650 0.0106 0.446 2010 PhIII IR, Rev1, Table G-2.0-2

618.3–621.7 Qbo 0.0110 1.422 0.0000 0.454 2010 PhIII IR, Rev1, Table G-2.0-2
666–668.4 Tp 0.0111 1.316 0.0000 0.357 2010 PhIII IR, Rev1, Table G-2.0-2
722.7–726 Tp 0.4991 1.190 0.0000 0.461 2010 PhIII IR, Rev1, Table G-2.0-2
762–766.2 Tp 0.0079 1.386 0.0297 0.403 2010 PhIII IR, Rev1, Table G-2.0-2

799.6–801.9 Tp 0.0125 1.304 0.0000 0.393 2010 PhIII IR, Rev1, Table G-2.0-2
874–877 Tp 0.0192 1.393 0.0000 0.316 2010 PhIII IR, Rev1, Table G-2.0-2
950–953 Tp 0.0560 1.337 0.0000 0.350 2010 PhIII IR, Rev1, Table G-2.0-2
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Table 4. Hydraulic properties measured at MDA V boreholes 21-24524W, S. 

 
 
 
Depth profiles of hydraulic properties from all the TA-21 borehole datasets are shown plotted in 
Figures 8 and 9. The stratigraphy shown in Figures 8 and 9 is taken from borehole 21-607955 
(shown in Figure 6), and may not be exactly correct for all boreholes shown in these two figures. 
The depths for boreholes LADP-3 and LADP-4 were adjusted to account for the ground surface 
elevation differences between these boreholes and the TA-21 mesa top. Depths were adjusted by 
adding 310 ft and 80 ft to all LADP-3 and LADP-4 depths, respectively. The Ksat data identified 
as “Nyhan” (Nyhan 1979) do not have depths associated with Ksat values but are plotted from 
depths of 1 to 93 ft within the Qbt 3 unit to help illustrate their relatively low values compared to 
other Qbt 3 Ksat values.  
 

Source: LANL, 2009, EP2009-0649
Table 2.0-1 Table 5.1-2 Table 5.1-3

Depth Ksat alpha
Borehole Media (ft) Porosity (cm/s) (1/cm) n
21-24524W Qbt 3 20–21 0.460 2.60E-04 0.0078 1.664
21-24524W Qbt 3 44–45 0.478 1.50E-03 0.0089 1.940
21-24524W Qbt 3 60–61 0.533 1.40E-04 0.0061 1.603
21-24524W Qbt 3 80–81 0.513 5.00E-04 0.0059 2.560
21-24524W Qbt 2 100–101 0.509 9.20E-05 0.0075 1.845
21-24524W Qbt 2 125–126 0.362 1.70E-04 0.0023 1.781
21-24524W Qbt 2 140–141 0.366 8.40E-05 0.0033 2.862
21-24524W Qbt 1v 160–161 0.429 8.20E-04 0.0018 1.887
21-24524W Qbt 1v 175–176 0.547 6.60E-04 0.0205 1.492
21-24524W Qbt 1v 200–201 0.584 1.20E-03 0.0142 1.562
21-24524W Qbt 1g 259.5–260.5 0.610 7.80E-04 0.0048 1.882
21-24524W Gbtt 302–303 0.617 2.30E-03 0.0038 1.843
21-24524W Gbtt 303–304 0.567 2.00E-03 0.0049 2.013
21-24524W Qct 330–331 0.324 7.70E-05 0.0068 1.312
21-24524W Qbo 380–381 0.665 7.00E-04 0.0039 1.720
21-24524W Qbo 381–382 0.642 1.80E-03 0.0030 1.714
21-24524W Qbo 399–400 0.547 3.60E-04 0.0037 1.693
21-24524S Qbo 449–450 0.616 1.40E-04 0.0053 1.586
21-24524S Qbo 479–480 0.599 7.70E-04 0.0103 1.436
21-24524S Qbo 549–550 0.617 2.30E-05 0.0062 1.620
21-24524S Qbo 579–580 0.620 6.93E-03 0.0063 1.657
21-24524S Qbo 649–650 0.625 1.60E-04 0.0062 1.596
21-24524S Qbog 669–670 0.617 5.50E-05 0.0047 1.733
21-24524S Qbog 679–680 0.636 1.00E-03 0.0058 1.637
21-24524S Tpf 714–715 0.431 4.50E-03 0.1738 1.230
21-24524S Tpf 715–716 0.429 3.00E-03 0.0085 1.454
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Figure 8. Depth profiles of porosity, bulk density, and Ksat from all TA-21 boreholes. 
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Figure 9. Depth profiles of van Genuchten values of alpha and n from all TA-21 boreholes. 
 
 
Hydraulic properties from all TA-21 borehole datasets described above are compiled into one 
table (Table 5) with statistical values (sample count, minimum, maximum, mean, geometric 
mean, and standard deviation) calculated for each stratigraphic unit.  
 
There is only one sample from the VPN, but hydraulic properties for this sample are summarized 
in Table 6. Table 6 also includes VPN properties from TA-54 (Vold 1997). The VPN properties 
from Vold (1997) were used in a recent modeling study for LANL Area G (Levitt, 2011), and 
modeled water content profiles reasonably matched measured profiles. 
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Table 5. Compiled hydraulic property statistics from all TA-21 boreholes.  

 

Bulk Density Ksat vG alpha
Unit Metric (g/cm3) (cm/s) Porosity ThetaSat ThetaRes vG n (1/cm)

Qbt 3 Count 24 52 28 13 14 18 18
Qbt 3 Min 1.170 5.56E-06 0.438 0.320 0.000 1.603 4.20E-03
Qbt 3 Max 1.490 3.70E-02 0.558 0.458 0.023 2.864 1.04E-02
Qbt 3 Mean 1.305 2.36E-03 0.506 0.378 0.010 2.098 6.60E-03
Qbt 3 Geo. Mean 1.97E-04 6.40E-03
Qbt 3 Std Dev 0.084 6.29E-03 0.032 0.040 0.007 0.354 1.72E-03
Qbt 2 Count 22 25 25 18 18 21 21
Qbt 2 Min 1.370 6.00E-06 0.264 0.264 0.000 1.608 8.00E-04
Qbt 2 Max 1.780 1.40E-02 0.509 0.406 0.024 2.967 8.90E-03
Qbt 2 Mean 1.565 8.45E-04 0.401 0.332 0.007 2.167 3.50E-03
Qbt 2 Geo. Mean 1.18E-04 2.99E-03
Qbt 2 Std Dev 0.127 2.80E-03 0.060 0.047 0.008 0.374 2.01E-03

Qbt 1v Count 16 19 19 12 12 15 15
Qbt 1v Min 1.080 6.00E-06 0.413 0.290 0.000 1.394 8.00E-04
Qbt 1v Max 1.550 1.40E-02 0.591 0.628 0.015 2.058 7.90E-03
Qbt 1v Mean 1.280 9.71E-04 0.514 0.432 0.002 1.721 4.08E-03
Qbt 1v Geo. Mean 4.98E-04 5.40E-03
Qbt 1v Std Dev 0.148 2.84E-03 0.058 0.098 0.005 0.188 2.26E-03
Qbt 1g Count 13 14 14 8 8 9 9
Qbt 1g Min 0.980 1.30E-04 0.484 0.408 0.000 1.430 2.10E-03
Qbt 1g Max 1.260 6.90E-03 0.631 0.620 0.000 1.882 1.56E-02
Qbt 1g Mean 1.152 1.28E-03 0.558 0.501 0.000 1.610 7.30E-03
Qbt 1g Geo. Mean 6.60E-04 6.29E-03
Qbt 1g Std Dev 0.082 1.81E-03 0.045 0.067 0.000 0.134 4.28E-03
Qbtt Count 0 2 2 0 0 2 2
Qbtt Min 1.20E-04 0.567 1.843 1.50E-03
Qbtt Max 6.90E-03 0.617 2.013 9.20E-03
Qbtt Mean 1.30E-03 0.592 1.928 5.98E-03
Qbtt Geo. Mean 2.14E-03 4.32E-03
Qbtt Std Dev 1.81E-03 0.035 0.120 2.86E-03
Qct Count 8 9 9 1 1 2 2
Qct Min 0.960 3.90E-05 0.324 0.351 0.000 1.312 1.50E-03
Qct Max 1.530 6.50E-02 0.639 0.351 0.000 1.512 1.35E-02
Qct Mean 1.248 5.69E-03 0.507 0.351 0.000 1.412 7.27E-03
Qct Geo. Mean 6.91E-04 5.28E-03
Qct Std Dev 0.263 1.72E-02 0.116 0.141 3.45E-03
Qbo Count 31 39 39 25 25 33 33
Qbo Min 1.070 3.90E-05 0.309 0.257 0.000 1.422 1.50E-03
Qbo Max 1.690 6.50E-02 0.665 0.484 0.042 3.376 2.05E-02
Qbo Mean 1.229 5.49E-03 0.529 0.402 0.004 1.952 6.93E-03
Qbo Geo. Mean 9.56E-05 3.03E-03
Qbo Std Dev 0.122 1.72E-02 0.071 0.049 0.009 0.533 6.43E-03

Qbog Count 3 5 5 1 1 3 3
Qbog Min 0.790 2.10E-05 0.617 0.557 0.000 1.637 1.80E-03
Qbog Max 0.910 4.10E-03 0.704 0.557 0.000 4.026 2.05E-02
Qbog Mean 0.837 9.72E-04 0.656 0.557 0.000 2.465 6.03E-03
Qbog Geo. Mean 1.59E-04 2.79E-03
Qbog Std Dev 0.064 1.23E-03 0.033 1.352 6.12E-03

Tp Count 6 8 8 6 6 8 8
Tp Min 1.430 1.80E-05 0.345 0.316 0.000 1.190 1.80E-03
Tp Max 1.740 1.50E-03 0.460 0.461 0.030 1.454 2.05E-02
Tp Mean 1.610 3.23E-04 0.402 0.380 0.005 1.326 5.95E-03
Tp Geo. Mean 2.47E-03 3.11E-02
Tp Std Dev 0.109 4.78E-04 0.039 0.051 0.012 0.087 5.51E-03
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Table 6. Hydraulic properties for the vapor phase notch. 

Bulk Permeability Data 
Permeability data described in this section refer to bulk permeability values, including the effects 
of fractures and matrix permeabilities, whereas the Ksat values described above are for matrix 
properties only and were measured on core samples. The bulk permeability values are based on 
air-phase flow data. Several datasets of bulk permeability for the Bandelier tuff at Area G and 
MDA L in TA-54 are presented here. Some permeability datasets are calculated from suction and 
air flow rates measured in the field. Other datasets are calibrated to match subsurface vapor-
phase contaminant concentrations.  

In the 1990s, bulk permeabilities of each unit of the Bandelier tuff were measured in seven 
boreholes at MDA L using a trailer-mounted packer system (SEA 1996, 1997, 1998). The mean, 
min, and max permeabilities for each unit and from all seven boreholes are shown in Figure 10 
(red lines). The mean measured permeabilities were used as a starting point for calibrating a 2D 
radial model of a soil vapor extraction (SVE) experiment at Area G (LANL 2009, EP2009-
0117). The final calibrated values for the Area G SVE test are also shown in Figure 10 (black 
line). The trends between the solid red (mean values) and black lines are the same, but there is a 
shift to higher permeabilities for the calibrated model.  

LANL 2010 (EP2010-0235) describes the 2010 supplemental SVE (SSVE) pilot test activities 
conducted at Area G. Appendix H of LANL 2010 (EP2010-0235) presents permeability test 
results based on the 2D radial model described above. The calibrated permeabilities from the 
SSVE are shown in Figure 10 (blue line) and are generally lower than those from the first SVE 
test (LANL 2009, EP2009-0117).  

Permeabilities were also calculated for two sites at MDA L where SVE tests were conducted. 
Stauffer et al. (2011) describe the methods used to calculate permeability in the x-y and z 
directions at these two sites. The calibrated permeabilities from the Stauffer et al. (2011) are also 
shown in Figure 10 (orange, pink, light green, and dark green lines). The orange and pink lines 
are not directly comparable to the other data series in this figure because they are for horizontal 
permeabilities, but the green lines are comparable, and they bound some of the other 
permeabilities within a given unit. The exception to this is for the Otowi member where the 
Stauffer et al. (2011) values are lower than any other Otowi member permeabilities.  

Bulk Den Ksat vG alpha
Borehole Location (g/cm3) (cm/s) Porosity ThetaSat ThetaRes vG n (1/cm) Source

21-02523 MDA V 1.1 2.90E-05 0.586 0.464 0.0000 1.4519 0.007
Springer et al. 2000, 

Table 1-2
Average of 
5 samples TA-54 6.89E-05 0.503 0.0048 1.427 0.0044 Vold (1997, Table II)

Std. dev. of 
5 samples TA-54 8.86E-06 0.041 0.0030 0.026 0.0025 Vold (1997, Table II)
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Figure 10. Depth profiles of measured and calibrated bulk permeability values from Area G and 
MDA L boreholes at TA-54. 
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Fracture Properties 
The importance of fracture properties in a flow and transport model such as FEHM depends on 
the type of model employed. For example, Robinson et al. (2005) describe the use of a single 
continuum model, an equivalent continuum model, a dual permeability model, and a discrete 
fracture model used with the flow and transport code FEHM. All of these models require inputs 
of fracture properties, either as discrete fracture properties, or as a bulk property that combines 
matrix and fracture properties.  
 
Some published fracture properties have been compiled in Table 7. This table includes fracture 
properties reported by Robinson et al. (2005) for the Pajarito Plateau at LANL, fracture 
properties of the Cerros del Rio basalts at LANL (Stauffer et al., 2005), fracture properties of the 
nonwelded Paintbrush tuff (PTn) at Yucca Mountain (DOE 2008), and the Ksat for a coarse 
silica sand (Schroth et al., 1996). Fracture properties are also included for specific units that were 
calculated during calibration of the SVE tests at Area G.  
 

Table 7. Compilation of fracture properties. 

 
 

Puye Formation: Upscaled Hydraulic Properties from Fine-scale Measurements 
A recent report has been published on a methodology for upscaling fine-scale measurements of 
hydraulic properties (Bussod et al. 2011). Bussod et al. (2011) has developed high-resolution 
geophysical laboratory methods to characterize the hydrogeologic properties that control the 
transport and dispersion of contaminants in the subsurface. Using millimeter-scale 
hydrogeophysical measurements on porous rock and unconsolidated sediment cores, Bussod et 
al. has devised (and tested) a new upscaling method that captures the effects of fine-scale 
heterogeneities in measured properties and has produced model parameters that permit the 
predictive modeling of heterogeneous, anisotropic hydrologic properties at the site- and regional 
scales. Bussod et al. (2011) applied these methods to several sites including Mortandad Canyon 
at LANL, and for all geologic units from the ground surface to the lower Puye Formation for the 
Mortandad Canyon site. Hydraulic properties for the Puye Formation are of particular interest to 
the modeling needs at TA-21 due to the highly heterogeneous nature of the Puye Formation, 

Permeability Ksat vG alpha
Media (m^2) (cm/s) (1/cm) vG n Porosity ThetaRes Source

Pajarito Plateau 1.00E-12 9.78E-04 0.050 1.500 1.00E-03 3.00E-05
Robinson et al. 
(2005, Table 1)

Cerros del Rio Basalts 1E-11 to 1E-12
9.8E-03 to 

9.8E-04
0.001 to 

0.01
Stauffer, Stone 
(2005, Table 5)

Yucca Mtn PTn unit 3.00E-13 2.93E-04 0.140 2.725 1.00E-02
DOE (2008, Table 

2.3.2-4, ptn22)

Silica sand 12/20 grade 5.15E-10 5.03E-01
Schroth et al. 

(1996, Table 4)

Max. Sat. Resid. Sat.
Tshirege Member of 
Bandelier tuff

1.0E-10 to
3.3E-09

3.23 to
9.78E-02 0.14 2 0.999 0.001

Based on Area G 
SVE tests
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whose facies represent the deposits of the ancestral Rio Grande River that experienced periods of 
damming and diversions caused by eruptions of lavas (Broxton and Vaniman, 2005).  
 
Bussod et al. (2011) calculated upscaled parameters from five cluster subunits of the Puye 
Formation. These parameters, from Bussod et al. (2011, Tables 3.1 and 4.1) are shown in Table 
8. This parameterization of subunits can be employed with FEHM as part of an uncertainty 
analysis, or the average of the units can be used as a single parameter set.  
 

Table 8. Upscaled hydraulic properties of five subunits of the Puye Formation.  

 
 

FEHM Input File Setup for MDA T 
Hydraulic properties are included in three macros within FEHM: the rlp, rock, and perm macros. 
The rlp macro includes data for the relative permeability and capillary pressure model. The rock 
macro includes rock density and porosity data. The perm macro includes permeabilities (in m2) 
in the x, y, and z directions.  
 
FEHM requires inputs of permeability in m2 rather than as Ksat, and residual and maximum 
saturation rather than as residual and saturated water content. Residual saturation is equal to 
ThetaRes/porosity and max saturation is equal to ThetaSat/porosity. The cutoff saturation is 
generally equal to ThetaRes + 0.001.  
 
The following rlp, rock, and perm macros are nominal settings based on the average hydraulic 
properties compiled in this report. The values in black are the prior values used in the 
preliminary simulations of MDA T. The values in red are the new averages (or geometric mean 
values for Ksat [converted into permeabilities] and vG alpha) described in this report. The matrix 
permeability and porosity values for the Puye Formation are from Table 8 above.  
 
The perm macro represents bulk permeabilities, and this macro is not used if model 4 is selected 
in the rlp macro (which includes both fracture and rock permeability values). The perm macro 
shown below includes values in red that are the mean values measured at MDA L and shown as 
the solid red line in Figure 10. These values are about an order of magnitude higher than the 
prior permeabilities used for the preliminary MDA T simulations.  
 
  

vG alpha
Subunit Kh (cm/s) Kv (cm/s) Porosity ThetaRes vG n (1/m)

Subunit 1 6.40E-04 1.29E-04 0.207 0.11 2.747 0.797
Subunit 2 2.69E-03 4.16E-05 0.207 0.116 2.016 1.534
Subunit 3 9.58E-04 2.07E-05 0.207 0.077 2 0.83
Subunit 4 3.59E-04 4.13E-05 0.207 0.044 2.217 0.528
Subunit 5 7.35E-04 2.31E-05 0.207 0.136 2.421 0.837
Average 1.08E-03 5.12E-05 0.097 2.280 0.905

Geomean 8.46E-04 4.03E-05 0.852
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Table 9. FEHM RLP Macro 

 
 
  

Model 3,4: RP1 RP2 RP3 FP4 RP5 RP6
vG alpha Low sat Cutoff cmt

Res_sat Max_sat (1/m) vG n Fit param sat Flag Unit Comment
Model 4: RP7 RP8 RP9 RP10 RP11 RP12 RP13 RP14 RP15

vG alpha Low sat Cutoff Fracture Matrix Fracture cmt
Res_sat Max_sat (1/m) vG n Fit param sat perm (m2) perm (m2) vol. frac. Flag Unit Comment

3 0.001 1 3.84 1.474 2 0.011 # Tb2
(10)  Same as Cerros 
del Rio Basalt 

3 0.01 1 5 2.68 2 0.011 # Tcar (11)

3 0.01 1 5 2.68 2 0.011 # Tjfp
(16)  Pumiceous Puye 
and Tpp

3 1.23E-02 0.946613 0.851813 2.2802 2 0.013325 4.12E-14 # Tpf
(20)  Puye Formation, 
fanglomerates    

3 0.001 1 3.84 1.474 2 0.011 # Tb4
(25)  Cerros del Rio 
Basalt 

3 0.000 0.849 0.279 2.465 2 0.001 1.62E-13 # Qbog
(27)  Otowi Member, 
Guaje Pumice            

4 0.008 0.761 0.303 1.952 2 0.009

0.001 0.999 14 2 2 0.01 6.10E-11 9.77E-14 0.01 # Qbof
(28)  Otowi Member, 
ash flow                

4 0.000 0.691 0.528 1.412 2 0.001

0.001 0.999 14 2 2 0.01 5.70E-10 7.07E-13 0.01 # Qct (29)  Cerro Toledo                                     
4 0.000 0.000 0.432 1.928 2 0.001

0.001 0.999 14 2 2 0.01 7.50E-10 2.19E-12 0.01 # Qbtt
(30)  Tshirege Unit 1, 
tsankawi pumice      

4 0.000 0.898 0.629 1.610 2 0.001

0.001 0.999 14 2 2 0.01 2.50E-10 6.75E-13 0.01 # Qbt1g
(31)  Tshirege Unit 1 - 
glassy              

4 0.004 0.841 0.540 1.721 2 0.005

0.001 0.999 14 2 2 0.01 1.50E-10 5.09E-13 0.01 # Qbt1vc
(32)  Tshirege Unit 1 - 
colannde            

4 0.004 0.841 0.540 1.721 2 0.005

0.001 0.999 14 2 2 0.01 2.90E-10 5.09E-13 0.01 # Qbt1vu
(33)  Tshirege Unit 1 - 
vitric              

4 0.017 0.830 0.299 2.167 2 0.018

0.001 0.999 14 2 2 0.01 1.70E-10 1.21E-13 0.01 # Qbt2 (34)  Tshirege Unit 2                       
4 0.020 0.747 0.640 2.098 2 0.021

0.001 0.999 14 2 2 0.01 3.00E-10 2.01E-13 0.01 # Qbt3 (35)  Tshirege Unit 3                       

3 0.020 0.747 0.640 2.098 2 0.021 2.01E-13 # Qbt3t
(36)  Tshirege Unit 3, 
transition zone      

3 0.026 0.974 0.621 2.143 2 0.027 # Qbt4 (37)  Tshirege Unit 4   
4 0.020 0.747 0.640 2.098 2 0.021

0.001 0.999 14 2 2 0.01 3.00E-10 2.01E-13 0.01 # OB (38)  Tshirege Unit 3                       
4 0.020 0.747 0.640 2.098 2 0.021

0.001 0.999 14 2 2 0.01 3.00E-10 2.01E-13 0.01 # OB2 (39)  Tshirege Unit 3                       
3 0.196 0.847 6.756 1.472 2 0.1966 # PC (40)  Paleochannel    

1 1.00E-05 0 1.0 1.0 0.001 1.00 # AIR
(101) Same as NTS 
Crater Air                   
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Table 10. FEHM Rock Macro 

 
 
  

JA JB JC DENRD DPRD
Rock dens. Rock sp. ht Prior New cmt
(Kg/m^3) (J/kg/K) Porosity Porosity Flag Unit Comment

1 0 0 2580 488 0.001 0.001 # Tb2 (10)  Same as Cerros del Rio Basalt
-10 0 0 2580 488 0.001 0.001 # Tb2 (10)  Same as Cerros del Rio Basalt
-11 0 0 1200 1000 0.35 0.35 # Tcar (11)
-16 0 0 1200 1000 0.35 0.35 # Tjfp (16)  Pumiceous Puye and Tpp
-20 0 0 1610 1000 0.392 0.207 # Tpf (20)  Puye Formation, fanglomerates
-25 0 0 2580 488 0.001 0.001 # Tb4 (25)  Cerros del Rio Basalt
-27 0 0 990 1000 0.627 0.656 # Qbog (27)  Otowi Member, Guaje Pumice
-28 0 0 1252 1000 0.422 0.529 # Qbof (28)  Otowi Member, ash flow
-29 0 0 1365 1000 0.437 0.507 # Qct (29)  Cerro Toledo
-30 0 0 1120 1000 0.473 0.592 # Qbtt (30)  Tshirege Unit 1, tsankawi pumice
-31 0 0 1169 1000 0.533 0.558 # Qbt1g (31)  Tshirege Unit 1 - glassy
-32 0 0 1319 1000 0.472 0.514 # Qbt1v (32)  Tshirege Unit 1 - colannde
-33 0 0 1319 1000 0.472 0.514 # Qbt1v (33)  Tshirege Unit 1 - vitric
-34 0 0 1555 1000 0.35 0.401 # Qbt2 (34)  Tshirege Unit 2
-35 0 0 1293 1000 0.384 0.506 # Qbt3  (35)  Tshirege Unit 3
-36 0 0 1293 1000 0.384 0.506 # Qbt3t (36)  Tshirege Unit 3, transition zone
-37 0 0 1293 1000 0.384 0.384 # Qbt4 (37)  Tshirege Unit 4
-38 0 0 1293 1000 0.384 0.506 # OB (38)  Tshirege Unit 3
-39 0 0 1293 1000 0.384 0.506 # OB2 (39)  Tshirege Unit 3
-40 0 0 1276 1000 0.518 0.518 # PC (40)  Paleochannel

-101 0 0 1200 1000 0.999 0.999 # AIR (101) Same as NTS Crater Air
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Table 11. FEHM Perm Macro 

 
  

JA JB JC PNXD, PNYD, PNZD
X,Y,Z-dir cmt

Perm (m^2) Flag Unit Comment
1 0 0 1.00E-12 # Tb2 (10)  Same as Cerros del Rio Basalt

-10 0 0 1.00E-12 # Tb2 (10)  Same as Cerros del Rio Basalt
-11 0 0 1.14E-12 # Tcar (11)
-16 0 0 3.88E-12 # Tjfp (16)  Pumiceous Puye and Tpp
-20 0 0 4.12E-14 # Tpf (20)  Puye Formation, fanglomerates
-25 0 0 1.00E-12 # Tb4 (25)  Cerros del Rio Basalt
-27 0 0 1.62E-13 # Qbog (27)  Otowi Member, Guaje Pumice
-28 0 0 9.77E-14 # Qbof (28)  Otowi Member, ash flow
-29 0 0 7.07E-13 # Qct (29)  Cerro Toledo
-30 0 0 2.19E-12 # Qbtt (30)  Tshirege Unit 1, tsankawi pumice
-31 0 0 6.75E-13 # Qbt1g (31)  Tshirege Unit 1 - glassy
-32 0 0 5.09E-13 # Qbt1v (32)  Tshirege Unit 1 - colannde
-33 0 0 5.09E-13 # Qbt1v (33)  Tshirege Unit 1 - vitric
-34 0 0 1.21E-13 # Qbt2 (34)  Tshirege Unit 2
-35 0 0 2.01E-13 # Qbt3  (35)  Tshirege Unit 3
-36 0 0 2.01E-13 # Qbt3t (36)  Tshirege Unit 3, transition zone
-37 0 0 8.27E-14 # Qbt4 (37)  Tshirege Unit 4
-38 0 0 2.01E-13 # OB (38)  Tshirege Unit 3
-39 0 0 2.01E-13 # OB2 (39)  Tshirege Unit 3
-40 0 0 1.16E-11 # PC (40)  Paleochannel
-101 0 0 1.25E-09 # AIR (101) Same as NTS Crater Air
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Introduction 
This attachment describes scoping calculations for transport simulations that were conducted to 
compare the particle tracking codes ptrk and sptr. Transport calculations were performed using 
both cell-based (ptrk macro) and streamline (sptr macro) particle tracking models.  

Methods 
Scoping calculations for transport simulations were run using the original large MDA T grid and 
a preliminary parameter set was used that is not the same as the parameters presented in 
Attachment III. These calculations were also done on a flow system using an equivalent 
continuum model as apposed to a single continuum model. However, these two models yield 
virtually the same results. This attachment includes the code that processes the ptrk output and 
parses it into a binned breakthrough curve.  

The flow simulation started with a steady-state flow field run with a uniform infiltration rate of 
10 mm/yr across the domain and assumed that this average background infiltration rate 
continued. Additional water was introduced into the system to represent the 19 million gallons of 
water that was disposed of in the MDA T adsorption beds between 1945 and 1967, as described 
in detail in the main report. At the end of this transient condition, the simulation returned to the 
10 mm/yr background infiltration rate.  

Transport calculations were performed using both cell based (ptrk macro) and streamline (sptr 
macro) particle tracking models. Three cases were run for each particle tracking model: no 
dispersion, 2 m dispersion, and 30 m dispersion. For the ptrk model dispersion was only applied 
in the primary flow direction (Z), for the sptr model longitudinal dispersion with no transverse 
dispersion was used. The other difference of note between the dispersion models used by the 
particle tracking schemes is that for ptrk, the dispersion is applied as a correction to the time a 
particle spends in each cell it travels through. For sptr, the particle takes a random step in the 
direction of dispersion and can actually jump between cells along the flow path.  

Ten thousand particles were used for the particle tracking models. For ptrk they were entered at a 
single node (226728) with coordinates x = 4.97648E+05, y = 5.40868E+05, and z = 2.068E+03 
m. For sptr, the particles were entered over a 1 m2 patch (in x and y) at the same coordinates.  

Results 
Figure 1 shows the saturation at the beginning of the transport calculations, representing 
conditions in 2010, 65 years after the start of disposal of 19 million gallons of water and 
wastewater. The effects of the water added from 1945 through 1967 are present as a bulge of 
enhanced saturation beneath MDA T. The slice is taken at the x coordinate of the particle input 
location. Particle breakthrough at the water table for the two particle tracking models and the 
different dispersion models is illustrated in Figure 2. Simulations with low dispersion yield 
nearly identical results for either particle tracking model. Differences become apparent when 
greater values of dispersion are used. Figures 3 through 8 illustrate saturations at 100, 200, 300, 
400, 500, and 550 years after 2010. The effect of enhanced infiltration due to wastewater 
disposal on saturation has almost totally dissipated by 500 years.  



Attachment IV-3 
MDA T Groundwater Pathway 

To explore the transient effects of the wastewater disposal, the transport simulations were rerun 
without dispersion assuming transients in the flow system were negligible by 600, 1000, 1500, 
and 2000 years. The simulations were run with transient flow and then restarted using the flow 
field existing at the assumed time. Results for these simulations are shown in Figure 9. As can be 
seen from the illustration, although saturations appear fairly stable by 550 years, transient flow 
affects the transport results (breakthrough curves) for up to 1500 years for this flow model. 

Finally, Figure 10 is included to show how sptr breakthrough on the new high resolution mesh 
(Attachment II) compares to ptrk breakthrough. As a result of the high dispersivity (30 m) 
combined with the random walk algorithm in sptr, the sptr results are unreliable, with only 1/3 of 
sptr particles reaching the water table. The sptr breakthrough shown in Figure 10 (red squares) is 
normalized to 10,000 particles and does not compare well with the ptrk results (blue diamonds). 
Well-behaved particle breakthrough is shown in Figure 9 where the 50% breakthrough happens 
at about the same time regardless of the model chosen. For this reason, we have chosen to use 
ptrk to create breakthrough curves for the particle release points beneath the beds and shafts that 
are described in the main report.  

In summary, these scoping calculations show that ptrk rather than sptr should be used for the 
transport calculations and that a transient flow field is required to accurately calculate transport 
from MDA T.  
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Figure 1. Calculated saturation field at beginning of transport simulation (2010). Note that 
orange is above ground surface. 

Figure 2. Normalized breakthrough concentration for the cell based and streamline particle 
tracking models. 
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Figure 3. Calculated saturation field in 2110 (with background infiltration rate of 10 mm/yr). 
 

 
Figure 4. Calculated saturation field in 2210 (with background infiltration rate of 10 mm/yr). 
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Figure 5. Calculated saturation field in 2310 (with background infiltration rate of 10 mm/yr). 
 

 
Figure 6. Calculated saturation field in 2410 (with background infiltration rate of 10 mm/yr). 
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Figure 7. Calculated saturation field in 2510 (with background infiltration rate of 10 mm/yr). 
 

 
Figure 8. Calculated saturation field in 2560 (with background infiltration rate of 10 mm/yr). 
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Figure 9. Normalized breakthrough concentration for streamline particle tracking runs with 
variable transient flow intervals. 

Figure 10. Particle breakthrough for streamline particle tracking runs comparing sptr to ptrk 
using the high resolution mesh. 
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COMPUTE_BREAKTHROUGH 
 
A utility for computing zone breakthrough curves from an FEHM ptrk run. 

Files 

• Control file: compute_breakthrough.ctl 

Line 1: Name of the input file (*.trc) 

Line 2: Name of the output file 

Line 3: Number of particles modeled 

Line 4: Breakthrough zone number 

Line 5: Flag specifying if breakthrough should be calculated based on the time particles 
enter or leave the breakthrough zone, iflag > 0 count when a particle enters zone, 
iflag < 0 count when a particle leaves zone 

Line 6: Starting time for binning the data 

Line 7: Ending time for binning the data 

Line 8: Bin time interval 

Line 9: Output time units (seconds, minutes, hours, days, years). All times are input in 
terms of the output time units. 

Line 10: Zone id string    

Example control file 

output/example-flow-nodp_zptr.trc 
output/example-flow-nodp_btc_zptr2.dat 
10000 
2 
-1 
0. 
200000. 
100. 
years 
Zone 2 out 

 

• Input file: .trc file obtained when using ptrk option pout = -7.   

When this option is used, following the header lines, output is written every time a particle 
leaves a cell. This output is particle number, cell number that the particle is leaving, zone 
number of the cell, time the particle is in the cell, and time the particle leaves the cell. Note 
times in this file are in seconds. 
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Example .trc file 

FEHM V3.00gf 11-08-24 QA:NA      08/25/2011    09:05:13 
1D column ER-12-3 saturated flow at Rainier Mesa
  Particle #    Node Number     Zone  Time in node   Current time (sec) 

1 101 0  1.33135626E+10  1.33135626E+10 
1 100 4  2.42488858E+09  1.57384509E+10 
1 99 4  1.64060559E+10  3.21445069E+10 
1 98 4  3.20870789E+10  6.42315878E+10 
1 97 4  5.00964270E+10  1.14328011E+11 

.

.

.

• Output file

The output file will contain three header lines followed by breakthrough time, number of 
particles in the zone during the current time interval, and the cumulative number of particles 
that have been in the zone, for each time bin. The time is recorded as the initial time of the 
time interval. 

Example breakthrough output file 

TITLE = "1D column ER-12-3 saturated flow at Rainier Mesa" 
VARIABLES = "Time (years)" "Number of particles" "Cumulative particles" 
ZONE T = "Zone 1 in" 
   0.0000000000000000 0 0 
   100.00000000000000 0 0 

.

.

.
   67900.000000000000 7 489 
   68000.000000000000 13 502 
   68100.000000000000 7 509 
.
.
.
   163500.00000000000 0        9999 
   163600.00000000000 1       10000 
   163700.00000000000 0       10000 
.
.
.
   199900.00000000000 0       10000 
   200000.00000000000 0       10000 



Attachment IV-11 
MDA T Groundwater Pathway 

Source code 

program compute_breakthrough 

  !*********************************************************************** 
  ! Copyright 2011 Los Alamos National Security, LLC  All rights reserved 
  ! Unless otherwise indicated,  this information has been authored by an 
  ! employee or employees of the Los Alamos National Security, LLC (LANS), 
  ! operator of the  Los  Alamos National  Laboratory  under Contract  No. 
  ! DE-AC52-06NA25396  with  the U. S. Department  of  Energy.  The  U. S. 
  ! Government   has   rights  to  use,  reproduce,  and  distribute  this 
  ! information.  The  public may copy  and  use this  information without 
  ! charge, provided that this  Notice and any statement of authorship are 
  ! reproduced on all copies.  Neither  the  Government nor LANS makes any 
  ! warranty,   express   or   implied,   or   assumes  any  liability  or 
  ! responsibility for the use of this information.      
  !*********************************************************************** 
  ! Compute zone breakthrough from data in .trc file if pout = -7 

 implicit none 

  integer :: ctl_unit = 10 
  integer :: trc_unit = 11 
  integer :: out_unit = 12 
  integer :: i, numpart, zone, iflag, tbins, pnum, node, zid, sum 
  integer, allocatable :: count(:), lastzone(:) 
  logical, allocatable :: counted(:) 
  real(8) :: dt, te, ts, tscale, tnode, ptime, ptimes 
  real(8), allocatable :: time(:) 
  character(1) :: tunit 
  character(7) :: tlabel 
  character(80) :: tstring, zstring 
  character(200) :: trc_file, out_file 

  open (unit = ctl_unit, file = 'compute_breakthrough.ctl', status = 'old') 
  ! Read input file name 
  read (ctl_unit, '(a200)') trc_file 
  ! Read output file name 
  read (ctl_unit, '(a200)') out_file 
  ! Number of particles modeled 
  read (ctl_unit, *) numpart 
  ! Breakthrough zone 
  read (ctl_unit, *) zone 
  ! Flag, iflag > 0 count when particle enters zone, iflag < 0 count when particle leaves zone 
  read (ctl_unit, *) iflag 
  ! Times should be entered in terms of the selected output units 
  ! Start time 
  read (ctl_unit, *) ts 
  ! End time 
  read (ctl_unit, *) te 
  ! Time bin interval 
  read (ctl_unit, *) dt 
  ! Output time units 
  read (ctl_unit, '(a1)') tunit 
  ! Zone id string 
  read (ctl_unit, '(a80)') zstring 

  close (ctl_unit) 

  select case (tunit) 
  case ('s', 'S') 
     ! Seconds 
     tscale = 1.d0 
     tlabel = 'seconds' 
  case ('m', 'M') 
     ! Minutes 
     tscale = 60. 
     tlabel = 'minutes' 
case ('h', 'H')



Attachment IV-12 
MDA T Groundwater Pathway 

     ! Hours 
     tscale = 3600. 
     tlabel = 'hours' 
  case ('d', 'D') 
     ! Days 
     tscale = 86400. 
     tlabel = 'days' 
  case ('y', 'Y') 
     ! Years 
     tscale = 31557600. 
     tlabel = 'years' 
  case default 
     ! Output in the trc file is in seconds 
     tscale = 1.d0 
     tlabel = 'seconds' 
  end select 

  tbins = int((te - ts) / dt) + 1 

  allocate (count(tbins), time(tbins)) 
  allocate (counted(numpart), lastzone(numpart)) 

  counted = .false. 
  count = 0 
  lastzone = 0 

  do i = 1, tbins 
     time(i) = ts + (i - 1) * dt 
  end do 

  open (unit = trc_unit, file = trc_file, status = 'old') 

  ! Read past version line 
  read (trc_unit, *) 
  ! Read title line 
  read (trc_unit, '(80a)') tstring 
  ! Read past variable line 
  read (trc_unit, *) 

! tnode - the time the particle has spent in the current node 
! ptime - total time 
  do 
     read (trc_unit, *, end = 9) pnum, node, zid, tnode, ptime 
     if (.not. counted(pnum)) then 
        if (iflag .gt. 0) then 

! Have I just entered or started in the breakthrough zone 
if (zid .eq. zone) then 

counted(pnum) = .true. 
ptimes = (ptime - tnode) / tscale 
do i = 1, tbins 

if (ptimes .ge. time(i) .and. ptimes .lt. time(i+1)) then 
count(i) = count(i) + 1 
exit 

end if 
end do 

end if 
        else if (iflag .lt. 0) then 

if (zid .ne. zone  .and. zone .eq. lastzone(pnum)) then 
counted(pnum) = .true. 
ptimes = (ptime - tnode) / tscale 
do i = 1, tbins 

if (ptimes .ge. time(i) .and. ptimes .lt. time(i+1)) then 
count(i) = count(i) + 1 
exit 

end if 
end do 

end if
        end if 
     end if 
     lastzone(pnum) = zid 
end do
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9 close (trc_unit) 
 
  open (unit = out_unit, file = out_file, status = 'unknown') 
 
  write (out_unit, 1) trim(tstring) 
  write (out_unit, 2) trim(tlabel) 
  write (out_unit, 3) trim(zstring) 
 
  do i = 1, tbins 
     sum = sum + count(i) 
     write (out_unit, *) time(i), count(i), sum 
  end do 
 
  close (out_unit) 
 
1 format ('TITLE = "', a, '"') 
2 format ('VARIABLES = "Time (', a, ')" "Number of particles" "Cumulative particles"') 
3 format ('ZONE T = "', a, '"') 
 
end program compute_breakthrough 
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